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PALSEA2 2016 Workshop: Sea-level budgets at decadal to millennial 
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PROGRAM  
 
Monday 19 September 
 
07:30 AM – BREAKFAST 
 
08:30 AM – INTRODUCTION 
 
08:40 AM – PROGRESS IN BRIDGING PALEO-SEA-LEVEL AND MODERN 
INSTRUMENTATION RECORDS OVER CENTENNIAL TIME SCALES WITH 
EMPHASIS ON SPACE GEODESY  
Erik Ivins (Invited) 
 
09:20 AM – A NEW APPROACH TO SOLVE THE SEA LEVEL BUDGET AND GLOBAL GIA 
SIMULTANEOUSLY  
Jonathan Bamber 
 
09:45 AM – REGIONAL COMMON ERA SEA-LEVEL VARIABILITY IN THE NORTH 
ATLANTIC: A MODEL/DATA STUDY  
Robert Kopp 
 
10:10 AM – BREAK 
 
10:30 AM – ACCOUNTING FOR UNCERTAINTY IN THE ANALYSIS OF FORMER SEA 
LEVELS  
Niamh Cahill (Invited) 
 
11:10 AM – RECONSTRUCTION OF RELATIVE SEA LEVEL IN SOUTHEAST ASIA AT 
MODERN AND HOLOCENE TIMESCALES USING CORAL MICROATOLLS  
Adam Switzer 
 
11:35 AM – A 2400-YEAR RECORD OF RELATIVE SEA-LEVEL CHANGES FROM TAMPA 
BAY, FLORIDA  
Simon Engelhard  
 
11:35 AM – DISCUSSION  
 
12:00 PM – LUNCH 
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01:00 PM – SEA-LEVEL CHANGES DURING PAST CENTURIES RECONSTRUCTED FROM 
SALT-MARSH SEDIMENTS   
Roland Gehrels (Invited) 
 
01:40 PM – LATE HOLOCENE SEA-LEVEL VARIABILITY FROM THE MID U.S. 
ATLANTIC COAST  
Tim Shaw 
 
02:05 PM – IS THE SEA-LEVEL RESPONSE TO 19TH/20TH OUTLET GLACIER RETREAT 
CAPTURED IN SALT MARSH SEDIMENTS IN GREENLAND? CASE STUDIES 
FROM JAKOBSHAVN ISBRAI (JI) AND KANGIATA NUNAATA SERMIA 
(KNS)  
Leanne Wake (Invited) 
 
02:45 PM – BREAK 
 
03:05 PM – DYNAMICS OF THE GREENLAND ICE SHEET – BRIDGING THE 20TH 
CENTURY- AND CONTEMPORARY OBSERVATIONS  
Kristian Kjeldsen (Invited) 
 
03:45 PM – SALTMARSH RECORD OF 20TH CENTURY MASS BALANCE CHANGES IN 
SOUTHEAST GREENLAND  
Sarah Woodroffe 
 
04:10 PM – DISCUSSION 
 
05:00 PM – POSTERS & BREAK 
 
07:00 PM – DINNER – EVENING PRESENTATION: BEN STRAUSS, CLIMATE CENTRAL 
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PROGRAM 
 
Tuesday 20 September 
 
07:30 AM – BREAKFAST 
 
08:30 AM – DRIVERS OF HOLOCENE SEA-LEVEL CHANGE - USING A ‘POLE TO POLE’ 
DATABASE OF RELATIVE SEA-LEVEL RECORDS  
Ben Horton 
 
08:55 AM – SPATIAL AND TEMPORAL EXTENT OF THE MID-HOLOCENE HIGHSTAND 
IN THE WESTERN ATLANTIC  
Nicole Khan 
 
09:20 AM – A HIGH-RESOLUTION EARLY HOLOCENE RELATIVE SEA-LEVEL RECORD 
FROM THE MISSISSIPPI DELTA  
Elena Steponaitis 
 
09:45 AM – BREAK 
 
10:05 AM – BALANCING THE WATER-ICE BUDGET SINCE THE LAST GLACIAL 
MAXIMUM: WHERE IS THE MISSING WATER?  
Alex Simms 
 
10:30 AM – FILL THE GAP: THE IMPORTANCE OF HOLOCENE ICE SHEET CHANGE 
ACROSS ANTARCTICA  
Pippa Whitehouse 
 
10:55 AM – FINAL LAURENTIDE ICE-SHEET DEGLACIATION AND HOLOCENE 
CLIMATE-SEA LEVEL CHANGE  
Anders Carlson 
 
11:20 AM – INFLUENCE OF EARTH STRUCTURE ON THE CONTRIBUTION OF THE 
ANTARCTIC ICE SHEET TO SEA LEVEL CHANGE  
Natalya Gomez 
 
11:45 AM – DISCUSSION 
 
12:00 PM – LUNCH 
 
01:00 PM – FIELD TRIP 
 
07:00 PM – DINNER  
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PROGRAM 
 
Wednesday 21 September 
 
07:30 AM – BREAKFAST 
 
08:30 AM – HOLOCENE AND EEMIAN SEA LEVELS AND ICE SHEETS: DIFFERENCES 
AND SIMILARITIES AS SEEN IN THE NETHERLAND  
Marc Hijma 
 
08:55 AM – INFERRING ENVIRONMENTAL CHANGE FROM THE BAHAMIAN 
STRATIGRAPHIC RECORD  
Blake Dyer 
 
09:20 AM – LAST INTERGLACIAL SUPERSTORMS OR JUST ANOTHER PERFECT 
STORM? MODELLING PALEO WAVES IN THE BAHAMAS AND BERMUDA  
Alessio Rovere 
 
09:45 AM – MAPPING THE UNCERTAINTY OF DYNAMIC TOPOGRAPHY ONTO 
ESTIMATES OF PEAK SEA LEVEL DURING THE LAST INTERGLACIAL  
Andrea Dutton 
 
10:10 AM – BREAK 
 
10:30 AM – RESPONSE OF THE ANTARCTIC ICE SHEET TO ENVIRONMENTAL 
FORCINGS: MODEL-BASED PERSPECTIVES ON RELATIVE SENSITIVITIES, 
RESPONE TIMESCALES, TRAJECTORIES OF MASS LOSS AND 
CONTRIBUTION TO GLOBAL MEAN SEA LEVEL  
Nick Golledge (Invited) 
 
11:10 AM – DISCUSSION 
 
12:00 PM – LUNCH 
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01:00 PM – POTENTIAL FOR ICE SHEET REGROWTH DURING PEAK INTERGLACIAL 
WARMTH?  
Tasha Barlow 
 
01:25 PM – SIMULATIONS OF THE GREENLAND ICE SHEET DURING THE LAST 
INTERGLACIAL IN A FULLY COUPLED CLIMATE-ICE SHEET MODEL  
Marcus Löfverström 
 
01:50 PM – REVISED BOUNDS ON EEMIAN AND HOLOCENE SEALEVEL 
CONTRIBUTIONS FROM GREENLAND: INITIAL RESULTS FROM BAYESIAN 
CALIBRATION  
Lev Tarasov 
 
02:15 PM – BREAK 
 
02:35 PM – DISCUSSION 
 
05:00 PM – END MEETING 
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POSTERS 
 
Monday 19 September – 05:00 PM 
 
In Alphabetical Order 
 
A DATABASE OF HOLOCENE RSL CHANGES IN THE WESTERN MEDITERRANEAN: 
STANDARDIZATON OF THE SEA-LEVEL DATA AND IMPROVEMENTS IN THE 
DEFINITION OF THE ISOSTATIC SIGNAL 
-Matteo Vacchi 
 
AN ENSAMBLE ANALYSIS OF ANTARCTIC GLACIAL ISOSTATIC ADJUSTMENT AND 
SEA LEVEL 
-Benoit Lecavalier 
 
APPLICATION OF SILLS TO SET A THRESHOLD FOR LATE PLEISTOCENE PALEO-SEA 
LEVEL RECONSTRUCTION 
-Anastasia Yanchilina 
 
APPROACHES TO DETERMINE DIRECT EVIDENCE OF WEST ANTARCTIC ICE SHEET 
COLLAPSE DURING THE LAST INTERGLACIAL 
-Mike Bentley 
 
CONSTRAINTS ON POST-GLACIAL RELATIVE SEA-LEVEL CHANGE IN NORTHERN 
GREENLAND FROM MARINE BIVALVES 
-Anna Glueder 
 
DYNAMIC FLUCTUATIONS OF AN EAST ANTARCTIC OUTLET GLACIER SINCE THE 
PLIOCENE 
-Richard Jones 
 
EMPIRICAL HIERARCHICAL MODELING OF THE SPATIO-TEMPORAL SEA-LEVEL 
FIELD: A CASE STUDY AT BELITUNG, INDONESIA IN MID-HOLOCENE 
-Erica Ashe 
 
EXPLOITING NEW HOLOCENE SEA-LEVEL ARCHIVES TO INFORM FUTURE SEA-
LEVEL PREDICTIONS: AN EXAMPLE FROM WALES 
-Geoffrey Richards 
 
GLACIAL AND SEDIMENT ISOSTATIC ADJUSTMENT IN THE GULF OF MEXICO 
GLACIAL ISOSTATIC ADJUSTMENT ALONG THE PACIFIC COAST OF CENTRAL NORTH 
AMERICA 
-Joseph Kuchar 
 
HOLOCENE ACTIVITY OF PETERMANN GLACIER: A MARINE SEDIMENT CORE 
PERSPECTIVE FROM PETERMANN FJORD, NORTHWEST GREENLAND 
-Brendan Reilly 
 
	 8 
DEGLACIAL SEA-SURFACE TEMPERATUE CHANGE AND RAPID RESPONSE OF THE 
NORTHWESTERN CORDILLERAN ICE SHEET IN THE GULF OF ALASKA 
-Heather Bervid 
 
HOLOCENE RELATIVE SEA-LEVEL RECORD FOR CENTRAL NORTHERN JAVA 
(INDONESIA) RECONSTRUCTED FROM FOSSIL MICROATOLLS 
-Thomas Mann 
 
HOLOCENE SEA-LEVEL RISE IN NORTHERN SPAIN 
-Ane García-Artola 
 
ICE STREAM ACCELERATION AND THE DYNAMIC ICE SHEET CONTRIBUTION TO 
DEGLACIAL SEA LEVEL RISE 
-Alex Robel 
 
INFERRING GLOBAL ICE VOLUMES DURING MARINE ISOTOPE STAGE 3 FROM 
SEDIMENTARY CORE RECORDS 
-Tamara Pico 
 
LAST INTERGLACIAL SEA LEVEL RECONSTRUCTION AND UPLIFT CONSTRAINTS 
FROM CAPE RANGE, NORTHWESTERN AUSTRALIA 
-Michael Sandstrom 
 
LATE HOLOCENE SEA-LEVEL CHANGE IN NEWFOUNDLAND – A NEW 
RECONSTRUCTION FOR INVESTIGATING THE ROLE OF OCEAN DYNAMICS AND 
FINGERPRINTS AS DRIVERS OF REGIONAL CHANGE 
-Andrew Kemp 
 
LATE-HOLOCENE BEHAVIOR OF CIRQUE AND VALLEY GLACIERS IN NORTHWEST 
SPITSBERGEN 
-Gaylen Sinclair 
 
MALLORCA (WESTERN MEDITERRANEAN): AN EXCEPTIONALLY STABLE SEA LEVEL 
SITE FROM THE STUDY OF PHREATIC OVERGROWTHS ON SPELEOTHEMS 
-Victor Polyak 
 
MIS 5E SEA-LEVEL DATABASE FOR THE NORTHERN ATLANTIC AND THE 
MEDITERRANEAN 
-Thomas Lorscheid 
 
MODELLING THE INFLUENCE OF LAKE AGASSIZ ON GLACIAL ISOSTATIC 
ADJUSTMENT AND THE DEGLACIATION OF THE LAURENTIDE ICE-SHEET 
-Tijn Berends 
 
NEW CONSTRAINTS ON HOLOCENE FLUCTUATIONS OF THE MARINE-TERMINATING 
GLACIERS OF THE SOUTHERN GREENLAND ICE SHEET 
-Laura Levy 
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POST-GLACIAL AND HOLOCENE RELATIVE SEA LEVEL CHANGES IN THE RUSSIAN 
ARCTIC FOR THE STUDIES OF THE VERTICAL MOVEMENTS OF THE EARTH'S CRUST 
-Alisa Baranskaya 
 
RAPID FAILURE OF THE SOUTHERN GREENLAND ICE SHEET IN THE LATE PLIOCENE 
-Maureen Walczak 
 
RECONSTRUCTING GREENLAND ICE SHEET DYNAMICS DURING THE LAST 
DEGLACIATION 
-Ben Keisling 
 
RECONSTRUCTING THE GREENLAND ICE SHEET OVER THE LAST TWO GLACIAL 
CYCLES: INCLUDING SHELVES AND RELATIVE SEA LEVEL FORCING 
-Sarah Bradley 
 
RETREAT DYNAMICS OF MARINE-BASED ICE SHEETS: WHAT CAN WE LEARN FROM 
MERGING ARCTIC AND ANTARCTIC CONTINENTAL SHELF RECORDS? 
-Lauren Simkins 
 
SEA-LEVEL FINGERPRINTS IN A REGION OF COMPLEX EARTH STRUCTURE: THE 
CASE OF THE WAIS 
-Evelyn Powell 
 
SENSITIVITY OF POST GLACIAL DECAY TIMES AND GLACIAL ISOSTATIC 
ADJUSTMENT TO LOADING HISTORY IN THE HUDSON BAY 
-Kyeo Han 
 
SLIVISU, APPLICATION TO VALIDATE MODEL RECONSTRUCTIONS AND SEA-LEVEL 
DATA INDICATIVITY 
-Volker Klemann 
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ABSTRACTS 
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EMPIRICAL HIERARCHICAL MODELING OF THE SPATIO-TEMPORAL SEA-LEVEL 
FIELD: A CASE STUDY AT BELITUNG, INDONESIA IN MID-HOLOCENE 
 
Ashe, E1,2, Kopp, RE2,3, Meltzner, AJ4, Horton, BP2,4,6, Switzer, AD4,5 
 
1Department of Statistics and Biostatistics & Command, Control, and Interoperability Center for 
Advanced Data Analysis, Rutgers University, USA. 2Institute of Earth, Ocean and Atmospheric 
Sciences, Rutgers University, USA.  3Department of Earth and Planetary Sciences, & Rutgers 
Energy Institute, Rutgers University, USA. 4Earth Observatory of Singapore, Nanyang 
Technological University, Singapore.  5Asian School of the Environment, Nanyang Technological 
University, Singapore.  6Department of Marine and Coastal Sciences, Rutgers University,USA. 
 
Reconstructing the spatio-temporal field of paleo-sea level using data from different sources with 
different characteristic uncertainties is a statistical challenge with societal relevance.  A greater 
cooperation between paleo-sea-level scientists and statisticians is necessary to enhance the 
reconstructions.  Empirical hierarchical modeling provides a formal framework for combining data 
and their uncertainties with expert knowledge of underlying process. Such modeling can produce 
estimates of the probability distribution of model parameters as well as the sea-level field over time 
and space.   
 
Our empirical hierarchical model for paleo-sea level is divided into three levels to: 1) specify the 
vertical and temporal noise at the data level, including various indicative meanings (the relationship 
of sea-level indicators to the tidal frame); 2) model the latent (not directly observed) spatio-
temporal field at the process level, and 3) estimate relevant parameters (such as amplitude and 
scale) of correlations in time and space at the hyperparameter level.  By specifying the form of 
spatial and temporal correlations with prior knowledge of the pattern of sea-level processes (e.g., 
glacial isostatic adjustment (GIA) is linear over decadal to centennial scales), we are able to 
reconstruct sea level over time and space. We output the posterior probability distribution of the 
sea-level field, estimate rates of sea-level rise and fall, and make probabilistic statements about 
amplitude and rates at different spatial locations.  
 
As a case study, we present independent high-resolution paleo-sea-level proxy records from two 
sites on Belitung Island on the Sunda Shelf. We consider two different statistical treatments of 
imparting indicative meanings to coral microatolls: 1) we assume our observation errors are 
normally distributed to allow analytical solutions (calculations do not require estimation or 
approximation); and 2) we use sampling methods to capture non-normal relationships (eliminate 
assumption of normality in limiting data using approximation).  Our empirical hierarchical models 
enable us to quantify the spatial variations due to GIA and paleotidal range, and to estimate rates of 
regionally coherent paleo-sea-level change.  We find two 0.6 m oscillations between 6800 and 6500 
cal yr BP, with rates of sea-level change reaching 19-28 mm/yr (90% credible interval).   
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A NEW APPROACH TO SOLVE THE SEA LEVEL BUDGET AND GLOBAL GIA 
SIMULTANEOUSLY. 
 
Bamber, JL, Zammit Mangion, A, Bates, PD, Bingham, R, Rougier, JC 
 
School of Geographical Sciences and Dept of Maths, University Bristol, UK 
 
Constraining the sources and sinks of sea level change is essential for understanding the drivers of 
past variations and for improving predictions of future behaviour. Robust partitioning of the 
historical sea level budget into its solid Earth, hydrological, glaciological and oceanographic 
(predominantly steric) components will lead to improved constraints for semi-empirical approaches 
to sea level projection as well as a better understanding of the Earth System response to external 
forcing. The 20th Century and, in particular, the satellite era, since 1992, offers the greatest potential 
yet these periods still have considerable uncertainty associated with the absolute rate of SLR [Hay 
et al., 2015; Watson et al., 2015] and, more importantly, the acceleration during both epochs. Such 
uncertainties feed directly into semi-empirical predictions but also into other types of probabilistic 
prediction [Kopp et al., 2014]. It also limits our process understanding and ability to calibrate and/or 
test numerical model hindcasts.  
 
To address these shortcomings, we are developing an approach that will solve, simultaneously, for 
statistically rigorous estimates of i) GIA, ii) land ice mass trends, iii) land hydrology trends  and iv) 
sea level budget for a common epoch. These estimates will be almost entirely data-driven (as 
opposed to deterministically modelled). Once developed and tested on the satellite epoch, the 
approach will be used to re-examine the 20th Century sea level record from the tide gauge 
observations. The approach utilises methods from signal processing and statistical inference and is 
based around a Bayesian Hierarchical Model that incorporates physical understanding of the 
processes influencing sea level, spatio-temporal evolution of the sea level budget constrained by 
observations and prior information [Zammit-Mangion et al., 2015; Zammit-Mangion et al., 2015]. 
We have tested the approach for Antarctica to solve simultaneously for surface processes, ice 
dynamics, mass trends and GIA [Martín-Español et al., 2016] and we illustrate the methodology 
with the results for Antarctica. We also present details of the conceptual statistical framework and 
data sets that will be used to constrain the sea level budget. 
 
Hay, C. C., E. Morrow, R. E. Kopp, and J. X. Mitrovica (2015), Probabilistic reanalysis of 
twentieth-century sea-level rise, Nature, 10.1038/nature14093. 
Kopp, R. E., R. M. Horton, C. M. Little, J. X. Mitrovica, M. Oppenheimer, D. J. Rasmussen, B. H. 
Strauss, and C. Tebaldi (2014), Probabilistic 21st and 22nd century sea-level projections at a 
global network of tide-gauge sites, Earth's Future, 2(8), 2014EF000239. 
Martín-Español, A., et al. (2016), Spatial and temporal Antarctic Ice Sheet mass trends, glacio-
isostatic adjustment, and surface processes from a joint inversion of satellite altimeter, gravity, 
and GPS data, J. Geophys. Res.: 121(2), 182-200. 
Watson, C. S., N. J. White, J. A. Church, M. A. King, R. J. Burgette, and B. Legresy (2015), 
Unabated global mean sea-level rise over the satellite altimeter era, Nature Clim. Change, 5(6), 
565-568. 
Zammit-Mangion, A., J. L. Bamber, N. W. Schoen, and J. C. Rougier (2015), A data-driven 
approach for asessing ice-sheet mass balance in space and time, Annals of Glaciology, 56(70), 
10.3189/2015AoG3170A3021. 
Zammit-Mangion, A., J. Rougier, N. Schön, F. Lindgren, and J. Bamber (2015), Multivariate 
spatio-temporal modelling for assessing Antarctica's present-day contribution to sea-level rise, 
Environmetrics, 10.1002/env.2323.  
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POST-GLACIAL AND HOLOCENE RELATIVE SEA LEVEL CHANGES IN THE RUSSIAN 
ARCTIC FOR THE STUDIES OF THE VERTICAL MOVEMENTS OF THE EARTH'S CRUST 
 
Baranskaya, AV, Romanenko, FA 
 
Lomonosov Moscow State University, Moscow, Russia 
 
The coasts and shelf areas of the Russian Arctic seas are situated in different geotectonic settings 
and are therefore characterized by different rates of the recent vertical movements of the Earth's 
crust. To study their mechanisms and velocities, relative sea level changes (RSL) in several regions 
can be analyzed and compared. As the RSL changes consist of changes due to the vertical 
movements of the Earth's crust of the coasts, on which eustatic, or absolute sea level changes (ASL) 
driven by changes in the volume of water in the ocean are imposed, and as the ASL in the Arctic 
Ocean changes relatively simultaneously, RSL records in coastal areas can be an important tool for 
the assessment of the recent vertical tectonic movements. 
 
In the present study, the rates of relative sea level change in the Russian Arctic during the Late-
Pleistocene-Holocene (since 17-18 kA B.P.) were analyzed. Literature and own field data on 
uplifted or subsided coastlines was collected, along with rates of the modern RSL changes measured 
by instrumental  methods. As a result, two geodatabases were created, covering the territory from 
the Barents Sea in the west to the Laptev Sea in the east. They include about 800 points with 
attributes showing the height of the ancient coastline, its age, dating methods, obtained rates of 
relative sea-level change, etc. After the data processing, maps and graphs of the relative sea level 
changes in the Russian Arctic were analyzed, and their rates for different tectonic provinces were 
compared. Based on the existing ASL curves from other areas of the World Ocean, the difference in 
the vertical movements of the Earth's crust for different areas was roughly estimated.  
 
The western part of the Russian Arctic is characterized by the greatest contrasts. In the coastal areas 
of the Baltic crystalline shield, relative sea level was falling during the whole Holocene with 
average rates of 3-6 mm/year, despite the general rise of the absolute sea level due to the input of 
glacier meltwater. However, in the neighboring Barents area, the relative sea level was falling with 
average rates of up to 19 mm/year. The uplift of the Baltic shield could be partly caused by 
glacioisostatic adjustment, and partly by tectonic uplift, which started long before the last glaciation 
or even the Neotectonic period. The subsidence of the Barents shelf is caused by the sinking of 
blocks of the crust, occurring with different rates; in some locations, the presence of suboceanic 
crust type can even be supposed. In the eastern part of the Russian Arctic, the rates of RSL growth 
or fall were not so dramatic. 
 
In spite of the general ASL rise during the Holocene, the collected data show that, on the average, in 
almost all the tectonic provinces on land, relative sea level was falling during the last 17 kA. It is 
true not only for areas, which were glaciated during the LGM (Baltic shield, Frantz-Joseph-Land, 
Novaya Zemlya), but also for regions, where no traces of large massive ice sheets of the LGM age 
were found (the north of Western Siberia, Severnaya Zemlya, the coasts of the Laptev Sea near the 
Kharaulakh ridge). Moreover, in some parts of the shelf, like the western part of the Laptev Sea, 
columns of bottom sediments give evidence of RSL rise which was slower than the average world 
sea level rise during the Holocene. In this way, not only most of the coastal, but even some of the 
shelf areas of the Russian Arctic experienced uplift of the Earth's crust during the post-glacial time.  
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POTENTIAL FOR ICE SHEET REGROWTH DURING PEAK INTERGLACIAL WARMTH? 
 
Barlow, NLM*, McClymont, EL, Bentley, MJ, Callard, SL, Horrocks, JR, Jamieson, SSR, Lloyd, 
JM, Long, AJ, Margold, Mᶲ, O’Cofaigh, C, Roberts, DH, Sanchez-Montes, ML, Stokes, CR, 
Whitehouse, PL, Woodroffe, SA 
 
Department of Geography, Durham University, Lower Mountjoy, Durham, DH1 3LE, UK 
Current correspondence addresses: 
* School of Earth and Environment, The University of Leeds, Leeds. LS2 9JT, UK 
ᶲ Stockholm University, Institutionen för naturgeografi, 106 91 Stockholm, Sweden 
 
There is broad consensus that global mean sea level during the Last Interglacial was 6-9 m higher 
than present, implying a smaller than present global ice mass volume.  However, reconstructions of 
local, regional and global relative sea-level changes from the Last Interglacial are both varied and 
contested, implying a range of scenarios for ice sheet collapse and re-growth.  Thus, whilst some 
studies report multiple Last Interglacial sea-level highstands separated by 1-8 m centennial to 
millennial duration sea-level falls, others detail a gradual sea-level rise to a single highstand.  The 
former may be interpreted as evidence for abrupt ice sheet instabilities, and the latter for more 
gradual melt.  Multiple large-scale sea-level oscillations, or a pronounced mid-interglacial sea-level 
lowstand may imply that the Greenland and/or Antarctic Ice Sheets (or possibly ice masses 
elsewhere) gained mass during the middle of the Last Interglacial.  By comparison, the present 
interglacial provides no evidence for significant ice sheet regrowth.   
 
We review the direct (ice sheet) and indirect (climatic and environmental) evidence for ice-sheet 
regrowth >1 m sea level equivalent during the Last Interglacial.  We also consider the potential 
mechanisms for ice-sheet regrowth during periods of peak interglacial warmth. This assessment has 
direct implications for the consideration of future rates of sea-level rise, since if compelling 
evidence for ice sheet regrowth and associated relative sea level falls is not found, peak rates of 
future sea-level rise, as informed by the Last Interglacial geological reconstructions, may require 
revision. 
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APPROACHES TO DETERMINE DIRECT EVIDENCE OF WEST ANTARCTIC ICE SHEET 
COLLAPSE DURING THE LAST INTERGLACIAL 
 
Bentley, MJ  
 
Department of Geography, Durham University, South Rd, Durham, DH1 3LE, UK 
 
The West Antarctic Ice Sheet (WAIS) is an important control on global sea level but is thought to 
be inherently unstable. Understanding the risk of WAIS collapse has been identified as one of 
science’s Grand Challenges but requires robust models of the WAIS, fully tested against geological 
data. A wide variety of far-field sea level suggests that the WAIS probably collapsed in the Last 
Interglacial. Given this it is perhaps surprising that a wide variety of approaches to determining 
direct evidence of past WAIS collapse from the Antarctic continent itself have not yet yielded a 
smoking gun for direct dated evidence of ice sheet collapse.   
 
Here, I review a range of approaches to the problem of determining direct evidence of WAIS 
collapse, discuss their advantages and disadvantages, and outline those that appear most promising, 
including whether they can quantify the volume of ice lost. These include inter alia: drilling to 
retrieve bedrock which can be measured for its cosmogenic nuclide inventories, targeted ice core 
retrieval to determine major elevational change, and identification and retrieval of marine sediment 
from carefully targeted sites. Until we obtain the direct dated evidence of WAIS collapse, and its 
volume change, it will be problematic to close the Last Interglacial sea level budget.  
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MODELLING THE INFLUENCE OF LAKE AGASSIZ ON GLACIAL ISOSTATIC 
ADJUSTMENT AND THE DEGLACIATION OF THE LAURENTIDE ICE-SHEET 
 
Berends, CJ1, van de Wal, RSW1, de Boer, B2, Bradley, SL1 
 
1Institute for Marine and Atmospheric research Utrecht, Utrecht University 
2School of Earth and Environment, University of Leeds 
 
ANICE is a 3-D ice-sheet-shelf model, which simulates ice dynamics on the continental scale. It 
uses a combination of the SIA and SSA approximations and here it is forced with benthic δ18O 
records using an inverse routine. It is coupled to SELEN, a model, which solves the gravitationally 
self-consistent sea-level equation and the solid earth deformation of a spherically symmetrical 
rotating Maxwell visco-elastic earth, accounting for all major GIA effects. The coupled ANICE-
SELEN model thus captures ice-sea-level feedbacks and can be used to accurately simulate 
variations in local relative sea-level over geological time scales. 
 
In this study it is used to investigate the mass loss of the Laurentide ice-sheet during the last 
deglaciation, accounting in particular for the presence of the proglacial Lake Agassiz by way of its 
GIA effects and its effect on the ice sheet itself. We show that the mass of the water can have a 
significant effect on local relative sea-level through the same mechanisms as the ice-sheet – by 
perturbing the geoid and by deforming the solid earth. In addition we show that the formation of an 
ice-shelf over the lake could have had a strong influence on the behaviour of the deglaciation. In 
particular, when allowing this lacustrine ice shelf to form, the ice-sheet retreats rapidly over the 
deepening bed of Hudson Bay during the deglaciation, resulting in a narrow ice dam over Hudson 
Strait. This dam collapses around 8.2 Kyr causing a global sea level rise of approximately 1 meter – 
an observation that agrees well with field data (for example, LaJeunesse and St. Onge, 2008). 
Without a lacustrine ice-shelf the model predicts a much smaller drainage event, through the 
MacKenzie River into the Arctic Sea. 
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DEGLACIAL SEA-SURFACE TEMPERATUE CHANGE AND RAPID RESPONSE OF THE 
NORTHWESTERN CORDILLERAN ICE SHEET IN THE GULF OF ALASKA 
 
Bervid, HD, Carlson, AE, Walczak, M, Stoner, JS 
 
College of Earth, Ocean, and Atmospheric Sciences, Oregon State University, Corvallis, OR, USA 
 
It is likely that sea-surface temperatures (SST) played a significant role in Cordilleran ice sheet 
response to climate change. The relationship between the Cordilleran ice sheet and regional SST 
change can be determined over the last deglaciation by detailed examination of ice-proximal marine 
sediments from the Gulf of Alaska. Marine sediment core EW0408-85JC (59.56°N, -144.15°W; 682 
m water depth) contains sediments discharged by the northwestern Cordilleran ice sheet. Previously 
published alkenone SST data from this core imply pronounced warming at the onset of the onset of 
the Bølling warm period and cooling during the Younger Dryas cold event. Here we use Cordilleran 
ice sheet sediment discharge tracers to document the response of the northwestern Cordilleran ice 
sheet to these intervals of abrupt climate change. We find almost complete deglaciation during the 
Bølling and ice-sheet regrowth during the Younger Dryas, indicating a high sensitivity to changes in 
SST. 
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Observational evidence, including offshore moraines and marine sediment cores infer that at the 
Last Glacial maximum (LGM) the Greenland ice sheet (GIS) grounded out across the Davis Strait 
into Baffin Bay and across the Nares Strait, with fast flowing ice streams extending out to the 
continental shelf break. These observations lead to a number of questions as to weather the GIS and 
Laurentide ice sheet (LIS) coalesced during glacial maximums, and if so, did a significant ice shelf 
develop across Baffin Bay and how would such a configuration impact on the relative contribution 
of these ice sheets to eustatic sea level (ESL). 
 
Most previous paleo ice sheet modelling simulations of the GIS recreated an ice sheet that either did 
not extend out onto the continental shelf or utilised a simplified marine ice parameterisation to 
recreate an extended GIS, and therefore did not fully include ice shelf dynamics. 
 
In this study we simulate the evolution of the GIS over the last two glacial cycles using IMAU-ice; 
a 3D thermodynamical ice sheet model which fully accounts for grounded and floating ice, 
calculates grounding line migration and ice shelf dynamics. 
 
As there are few observational estimates of the long-term (yrs) sub marine basal melting rates 
(mbm) for the GIS, we developed an mbm parameterization within IMAU-ice controlled primarily 
by changes in paleo water depth. We also investigate the influence of the LIS on the GIS evolution 
by including relative sea level (RSL) forcing’s derived from a Glacial Isostatic Adjustment model. 
 
We will present results of how changes in the mbm directly impacts on the ice sheet dynamics, 
timing and spatial extent of the GIS at the glacial maximums, but also on the rate of retreat and 
spatial extent at the Last interglacial (LIG) minimum. Results indicate that with the inclusion of ice 
shelf dynamics and RSL forcing the GIS contribution to LIG ESL is reduced by ~ 0.5 m but the 
LGM ESL contribution increased by ~ 1.25 m. Including both ice shelf dynamics and RSL forcing 
is required to reconstruct a GIS which grounds out into Davis strait and across the Nares strait but 
also retreats to a reasonable present day extent. 
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We use Bayesian statistical analysis to produce proxy sea-level reconstructions for the Common 
Era, provide insight into their variability and deduce honest conclusions from complicated data that 
is dominated by uncertainty.  The reconstructions are produced from biological (foraminifera) and 
geochemical (𝛿13 C) sea-level indicators preserved in dated cores of salt-marsh sediment from the 
North American Atlantic coast. 
 
Transfer functions are used to produce reconstructions of past sea level through the calibration of a 
biological proxy (e.g., foraminifera) into tidal elevation. We describe a new Bayesian modeling 
approach for developing and applying transfer functions for sea-level reconstructions, which has the 
flexibility to formally accommodate multiple proxy sources. The first step in this approach is 
building a model that captures the relationship between a biological proxy and tidal elevation in a 
modern environment. The second step uses this relationship to produce estimates of paleo-tidal 
elevation with uncertainty for each layer in a sediment core. Additional proxies (e.g., 𝛿13 C) can be 
used to further constrain these estimates and potentially reduce uncertainty.  
 
Combining output from the Bayesian transfer function with a core chronology provides us with a 
reconstruction of relative sea level through time. With the aim of estimating rates of sea-level 
change, reconstructions are analyzed using an errors-in-variables integrated Gaussian process 
model. Ultimately, through the combination of these statistical models we can capture the 
continuous and dynamic evolution of rates of RSL change with a full consideration and propagation 
of available uncertainties. 
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During the early to middle Holocene (11.7-6.0 ka), warming from boreal summer insolation and 
greenhouse gases caused the disappearance of most Northern Hemisphere ice sheets. Despite this 
strong radiative and temperature forcing, global mean sea level (GMSL) was still ~60 m below 
present at the start of the Holocene, identifying a pronounced lag between the forcing and 
subsequent ice-sheet mass loss. Partitioning this GMSL rise into its individual ice-sheet 
contributions remains uncertain, thus preventing a full assessment of ice-sheet sensitivity to climate 
change. Here we date the Holocene retreat of the Laurentide Ice Sheet (LIS) with 10Be surface 
exposure ages for the Labrador Dome (LD) and 14C ages for the Keewatin and Foxe Domes. The 
LD deposited moraines during cold events at ~10.3, ~9.3 and ~8.2 ka, suggesting that these events 
helped stabilize the LD in the early Holocene. After Hudson Bay became seasonally ice free at ~8.2 
ka, the LIS melted abruptly within a few centuries. Regional climate model simulations show that 
the thermal properties of a seasonally ice-free Hudson Bay would have increased LIS ablation and 
thus contributed to subsequent rapid LD retreat. We date complete LIS deglaciation at 6.7±0.4 ka, 
identifying an ~4 ka lag behind peak deglacial climate forcing. We also conclude that Antarctic ice 
sheets contributed 3.6-6.5 m to GMSL rise since 6.3-7.1 ka, a contribution that is currently not 
simulated by Antarctic ice-sheet models.  
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It has long been recognized that paleoshorelines from the Last Interglacial period (LIG) around the 
world collectively indicate higher sea levels than present.  Early estimates of global mean sea level 
(GMSL) derived from far-field localities in the Indo-Pacific region, however, displayed a range of 
elevations from +2 to 9 m above present (Veeh, 1966).  Likewise, global databases of sea level 
indicators for the LIG display an even greater range of elevations (Kopp et al., 2009; Pedoja et al, 
2011; Dutton and Lambeck, 2012) owing to (1) tectonic movement, (2) spatial variability related to 
glacial isostatic adjustment (GIA), (3) and uncertainties related to measurement and interpretation 
of the observational data used to infer the past position of sea level.  Despite the contributions of 
each of these factors to the uncertainty in reconstructing the peak sea level during the LIG, two 
independent studies that integrated GIA modeling with global databases of observational data of sea 
level position arrived at a similar conclusion, placing peak GMSL at ~+6 to 9 m above present 
(Kopp et al., 2009; Dutton and Lambeck, 2012). 
 
While the agreement between these two studies lends some confidence to the interpretation of peak 
GMSL during the LIG, this three-meter range represents a significant uncertainty that is similar in 
magnitude to the size of the marine based portion of the West Antarctic ice sheet.  Given the 
importance of this time period as a benchmark for ice sheet and climate models in understanding the 
sensitivity of polar ice sheets to past changes in temperature, it is critical to narrow this range of 
uncertainty.   
 
Here, we argue that changes in surface topography over the last ~125,000 years due to mantle 
dynamics is capable of producing several meters worth of vertical motion.  We draw upon global 
mantle-flow calculations of dynamic topography changes (e.g. Moucha et al. 2008; Rowley et al., 
2013; Glisovic and Forte, 2014) over the past 125,000 years to quantify the expected vertical offset 
at numerous LIG sites identified in existing global databases.  In addition to quantifying this effect 
on a global scale, we explore several key LIG localities in more detail to assess whether dynamic 
topography can potentially reconcile GIA-corrected data from geographically diverse sites.  A key 
outcome of this analysis is the recognition that dynamic topography is capable of inducing vertical 
motions over the last 125,000 years that are similar in magnitude to the existing range in 
reconstructed peak GMSL.  This observation suggests that even if we are able to quantify the age 
and paleo elevation of a sea level marker with exceptional precision, the uncertainty imparted by the 
dynamic topography field is large enough to limit the precision to which we can reconstruct sea 
level from this time period. 
 
Dutton, A., Lambeck, K., 2012. Science 337, 216-219. 
Glišović, P. and Forte, A.M., 2014. Earth & Planetary Science Letters, 390, 146-156. 
Kopp, R.E., et al., 2009. Nature 462, 863-868. 
Moucha, R., et al., 2008. Earth & Planetary Science Letters, 271(1), 101-108. 
Pedoja, K. et al., 2011. Earth-Science Reviews 108, 1-15. 
Rowley, D.B., et al., 2013. Science, 340(6140), 1560-1563. 
Veeh, H.H., 1966. Journal of Geophysical Research 71, 3379-3385. 
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Previous research on the U.S. Atlantic coast identified variations in the timing and magnitude of 
sea-level oscillations during the past 2600 years. In particular, a reconstruction from northeast 
Florida showed a linear trend with no oscillations compared to more northerly reconstructions (NC, 
NJ, CT) where persistent sea-level trends are recognized. However, no near-continuous sea-level 
reconstructions are available from southern Florida, thus limiting our ability to infer the potential 
causes of this difference. To address this limitation, we present a new sea-level reconstruction from 
Tampa Bay, Florida. 
 
After reconnaissance of the sub-surface stratigraphy, we collected a 1.25m core from Little Manatee 
River. Salt marsh accumulation in the Little Manatee River commences as organic sandy silts with 
sparse Juncus roemerianus macrofossils, before transitioning to highly organic peats with abundant 
J. roemerianus macrofossils. We utilized foraminifera as sea level indicators and developed a 
composite chronology using radiocarbon, pollution, and pollen chronohorizons. We use the 
combined chronological markers to construct an age-depth model using Bchron that reveals RSL 
changes over the past ~2400 years. We developed a regional transfer function using 66 modern 
samples and calibrated it to the fossil assemblage to reconstruct relative sea level. Comparison of 
the geological reconstruction to a composite tide gauge record demonstrates the accuracy of our 
reconstruction over the past century.  
 
We apply the EIV-IGCP method to the reconstruction, with an appropriate GIA correction (0.3 mm 
per year) based on previously published values. Results from 0 CE to present are broadly consistent 
with those from Nassau River, northern Florida, with no significant deviations from background 
until the late 19th century acceleration in sea-level rise. This provides further evidence for the 
contribution of ocean dynamic effects to the observed sea-level rise during the last 2,000 years. 
However, the two records disagree in the earliest part of the record from 450 BCE to 0 CE, with 
falling sea level at Little Manatee River and no sea-level change at Nassau River. This fall in sea 
level is consistent with a recent reconstruction of global sea-level variability constructed from 
regional sea-level reconstructions. The change from falling to rising sea level at ~0 CE has been 
noted at archaeological sites along the Gulf coast of Florida. This fall may be related to changes in 
the Florida and/or Loop Currents, or represent a global ocean-volume change. 
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In Spain, 44% of people live in coastal cities and towns that represent only 7% of the total national 
land area. Therefore, future sea-level rise represents a threat to populations, infrastructure and the 
economy. The brief instrumental period captures only a single climate mode of rising temperatures 
and sea level. Whereas, geological reconstructions of the Late Holocene provide a pre-
anthropogenic background against which to compare recent trends and characterize patterns of 
natural variability, which is essential for constraining predictions of future sea-level change and 
provide adaptation strategies. 
 
In the U.S. Atlantic coast, high resolution late Holocene sea-level records from western North 
Atlantic (e.g. North Carolina, New Jersey and Connecticut) have shown a relationship with known 
periods of climate variability in the late Holocene, such as the Medieval Climate Anomaly and the 
Little Ice Age. Here, we present preliminary late Holocene reconstruction from the eastern North 
Atlantic (northern Spain). 
 
The high resolution late Holocene sea-level records are being produced from foraminifera preserved 
in saltmarsh sediments. Foraminifera are accurate and precise sea-level indicators, because their 
distribution is related to elevation respect to the tidal frame. These relationships are quantified 
through the development of transfer functions that can provide vertical precision on a decimeter 
scale. We collected a modern training set of 46 from saltmarsh environments from the Urdaibai 
estuary (northern Spain) to develop a local regression and calibration model to reconstruct RSL 
during the late Holocene from several sediment cores extracted along the estuary. The chronology 
will be constrained by 137Cs and 14C activities, along with pollution chronohorizons.  
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Salt marshes are capable of recording decimetre-scale sea-level variations with high precision and 
accuracy. Sea-level records derived from microfossils preserved in salt-marsh sediments are ideally 
suited to bridge the gap between instrumental and palaeosea-level observations. They provide data 
beyond the period that is covered by tide gauges, and they also overlap with tide-gauge records 
which provides a check on the validity of the proxy reconstructions. The resolution of proxy records 
depends on the sedimentation rates in the marshes and is usually on the order of one or two data 
points per decade. High-quality sea-level reconstructions from salt-marsh sediments have now been 
established for coastal sites in eastern North America (Nova Scotia, Connecticut, New Jersey, North 
Carolina, Florida), Europe (Iceland, Scotland, England, northern Spain), New Zealand and 
Tasmania. New and improved records for Nova Scotia, Maine, Connecticut, the Falkland Islands 
and New Zealand, currently being prepared for publication, will be presented in this talk. These 
records are generally dated by AMS14C, but additional techniques are critical to provide chronology 
for the last ~400 years, including radiometric dating (210Pb, 137Cs, 241Am), stratigraphic markers 
(e.g., pollen, tephra, Pb concentrations, Pb isotopic ratios, metals, palaeomagnetism), high-precision 
Accelerator Mass Spectrometry (AMS) 14C dating and bomb-spike AMS14C analyses. 
 
Many salt-marsh records show that around the turn of the 20th century the rate of sea-level rise 
started to exceed the background value that prevailed during preceding centuries. The magnitude of 
this sea-level acceleration appears to be larger in sites in the Southern Hemisphere compared to the 
North Atlantic, a difference that is not well understood. The acceleration is muted in the eastern 
Atlantic compared to the western Atlantic. Along the coasts of New England (USA), Atlantic 
Canada and western Iceland salt marshes contain evidence for periods of accelerated sea-level rise 
that pre-date the 20th century. These accelerations correlate with reconstructions of the North 
Atlantic Oscillation index and are possibly driven, at least in part, by changes in long-term wind 
patterns. When averaged across the globe, sea-level records, particularly those from salt marshes, 
show that the highest rates of sea-level rise of the last ~3000 years were achieved during the 20th 
century.  
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Currently employed models used to predict Greenland Ice Sheet’s (GIS) vulnerability in terms of its 
potential melt rate can be improved by robust detailed regional reconstructions of ice-sheet 
thickness and spatial ice-extent during maximum glaciation as well as the timing and rate of ice-
retreat at the end of the last ice age. Here, a 14C dataset obtained from bivalve samples collected on 
raised beaches in Northwestern Greenland during the Petermann15 Expedition (July 2015), in Hall 
Land, Washington Land, and the Cape Baird region of Ellesmere Island, constrain relative sea-level 
fall during the deglacial interval and can therefore be used to reconstruct rates of isostatic rebound 
and refine histories of ice loss in the region. Preliminary data reveal a significant mismatch with 
previous low-resolution reconstructions of relative-sea level and with estimates from glacial-
isostatic adjustment models. In conjunction with the other work packages from the Petermann15 
Expedition this data set will constrain the behavior of the Petermann Glacier system and 
Northwestern Greenland Ice Sheet following the Last Glacial Maximum and through much of 
Holocene time. Of particular interest are dynamic changes within the glacial maximum interval, and 
rapid changes in the early Holocene. 
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Future environmental change will most likely necessitate costly impact mitigation strategies whose 
design will depend on both the magnitude and rate of anticipated change. Ice-sheets have the 
potential to alter global sea-level by accumulating or losing mass in response to environmental 
perturbations, but the rate at which ice sheets change is also governed by internal processes. 
Simulations that robustly capture all known aspects of ice-sheet physics are, however, so 
computationally expensive that their implementation is currently limited to restricted spatial 
domains or short temporal integrations. Useful projections of sea-level for coming centuries 
therefore require models that can predict continental-scale changes over centuries to millennia, but 
such models employ simplified physics to achieve this and so may introduce uncertainties. One way 
to approach this problem is to use large-scale models that incorporate parameterizations that mimic 
the effects of the fine-scale processes of purely physical models. However, the veracity of results 
from such an approach can only be gauged by comparison to known outcomes, which means that, 
for reliable large-scale future ice-sheet projections it is necessary to employ modelling approaches 
that accurately reproduce past ice-sheet transitions as recorded in paleoenvironmental archives. 
Here we present simulations of past Antarctic ice-sheet extents under warmer-than-present 
conditions, as well as through the last glacial-to-interglacial transition, and use modelled sea-level-
equivalent volume changes to assess the relative sensitivities of the system. We explore the 
dominant environmental and glaciological processes involved in these ice-sheet fluctuations and 
their timescales, and consider the mechanisms by which mass loss trajectories can depart from 
linear. Using these insights as well as results from other published studies we evaluate currently 
observed Antarctic ice mass trends and the plausibility of a range of future predictions. 
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Marine sectors of the Antarctic Ice Sheet are prone to unstable retreat in a warming climate.  
Observation and modeling-based studies suggest that these sectors have collapsed in the past and 
have the potential to contribute significantly to sea-level change in coming centuries, but the extent 
and timing of collapse remains uncertain.   
 
Constraining ice cover changes in Antarctica is challenging because the solid Earth, water and ice 
systems are strongly linked, and modern measurements of these systems contain a large signal from 
glacial isostatic adjustment (GIA) due to past ice mass changes.  Furthermore, Earth structure 
beneath the Antarctic Ice Sheet is characterized by significant lateral variability. A stable, thick 
craton exists in the east, while the west is underlain by a large continental rift system, with a 
relatively thin lithosphere and hot, low viscosity asthenosphere, as indicated by high resolution 
seismic tomography. This implies that in the West Antarctic, the Earth’s mantle may respond to 
surface loading on shorter than average (centennial, or even decadal) timescales.  These variations 
in viscoelastic Earth structure impact predictions of relative sea-level change and crustal 
deformation rates both by directly altering the timing and geometry of load-induced Earth 
deformation; and by perturbing, via a sea-level feedback (Gomez et al., 2013, 2015), the timing and 
extent of ice-sheet evolution. 
 
In this presentation, we use a coupled ice sheet – sea level model to explore the sensitivity of 
predictions of sea level change, solid Earth deformation and ice-sheet evolution in the Antarctic 
region to variations in Earth model parameters. We begin with a suite of simulations that adopt 1-D 
(depth dependent) viscosity structure that capture depth profiles inferred beneath the West and East 
Antarctic.  We then present simulations that incorporate 3-D variations in lithospheric thickness and 
mantle viscosity. Our results consider the contribution of GIA to modern sea-level changes in 
Antarctica, as well as the contribution from Antarctica to the global sea-level budget since the Last 
Glacial Maximum, during the Pliocene and into the future. 
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Ongoing glacial isostatic adjustment (GIA) due to surface loading (ice and water) variations since 
the Last Glacial Maximum (LGM) has been contributing to sea level changes globally throughout 
the Holocene. The spatial and temporal distribution of GIA and relative sea level change are 
attributed to the ice history and the rheological structure of the solid Earth, both of which are 
uncertain. In regions like the Hudson Bay in Canada that were heavily glaciated during the LGM, 
GIA effects make a significant contribution to the local sea-level budget and are also very sensitive 
to ice history and Earth structure.   
 
Post-glacial decay (or relaxation) times derived from relative sea level curves in previously 
deglaciated regions provide important constraints on GIA predictions. Post glacial decay times are 
associated with the time it takes the Earth system to relax towards isostatic equilibrium after 
deglaciation.  Studies have shown that relative sea level curves reconstructed based on observations 
of geological records of deglacial sea level follow an exponential-like form (Andrews 1970; 
Walcott 1980). Mitrovica and Peltier (1995) have suggested that post glacial decay times in the 
centres of glaciated regions in the LGM have weak sensitivity to the details of the ice loading 
history, and may therefore be used to constrain the Earth structure.  
 
In this presentation, we revisit this suggestion by exploring the spatial patterns of post glacial decay 
time predictions in previously glaciated regions, and their sensitivity to ice and water loading 
history.  We compute post glacial sea level changes over the last deglaciation from 21ka to the 
modern using a sea level model that includes gravity, Earth rotation, migrating shorelines, and 
deformation of a Maxwell viscoelastic Earth model with radially varying Earth structure, and 
adopting a suite of ice history models based on ICE5G (Peltier 2004) and ICE6G (Angus et al. 2014 
& Peltier 2015). We fit exponential curves to these relative sea level curves, and compute and 
present maps of post glacial decay time predictions across North America and the Arctic. We also 
consider the sensitivity of decay times to loading history at specific coastal sites where decay times 
could be or have been measured (e.g. Richmond Gulf in Hudson Bay, considered by Mitrovica et al. 
2000 and others). Our analysis improves the interpretation of post glacial sea level measurements in 
previously glaciated regions, and in turns aids in constraining the contribution from GIA to sea level 
changes since the end of the last deglaciation and into the future.   
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In the Netherlands, both the Holocene and the Eemian (Last Interglacial) relative sea-level histories 
are well resolved for both the transgressive and the high-stand intervals with the two histories being 
broadly analogous, but certainly not identical. For the Eemian history, in past decades (Zagwijn, 
1983; 1996; Van Leeuwen et al., 2000; Cleveringa et al. 2000) and recently (Peeters et al., 2015; 
2016; Sier et al. 2015; Long et al. 2015), considerable effort has been directed towards estimating 
the rates and magnitudes of sea-level change, establishing independent dating control, and in the 
potential contribution of the Antarctic and Greenland Ice Sheets. Classic work on Holocene relative 
sea-level rise (Jelgersma, 1961; Van de Plassche 1982) has also recently been extended to include 
the period 9.0-7.0 ka and resolve spatial patterns of  glacial-isostatic adjustment (GIA) (Vink et al. 
2007) and acceleration/deceleration events (or “sea-level jumps”) in the 8.5-8.2 ka period (Hijma & 
Cohen, 2010; Tornqvist & Hijma, 2012). 
 
Both Eemian and Holocene sea-level histories record a late start to the transgression, triggered by 
high subsidence rates caused by the Netherlands’ position in the GIA near-field of the Scandinavian 
ice-masses (drowns last, sinks fast). Whereas the duration of the Eemian transgression and 
subsequent highstand phases is reasonably controlled from classic Eemian regional pollen studies 
based on a floating varve chronology (Müller, 1974; Caspers et al., 2002), the absolute timing of 
these phases is not, and differs widely between studies. The rapid transgression observed in the 
Eemian sea-level rise, by analogy to the Early-Middle Holocene (9.0-8.0 ka), indicates strong GIA 
and forebulge collapse, and thus bears directly on our understanding of the timing of Scandinavian 
deglaciation.  Studies that claim a late start of the Eemian interglacial (regionally lagging the onset 
recorded in the tropics), imply that deglaciation of Scandinavia continued into the early part of MIS 
5 (end of Termination II), longer than in MIS 1 (Lateglacial and early Holocene).  
 
In this presentation we focus on the timing of the Eemian highstand in the North Sea in comparison 
with global sites and the timing of the highstand in the Holocene and explore implications for our 
understanding of the deglacial history of the Scandanavian Ice Sheet.  
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Holocene relative sea-level (RSL) records exhibit spatial and temporal variability that arises from 
the complex pattern of interactions among eustatic (land ice volume and thermal expansion), 
isostatic (glacio and hydro), tectonic (neotectonic deformation) and local (tidal range change and 
sediment compaction) components. Each of these components have different response timescales 
varying relative importance during the Holocene and among regions. 
 
We have compiled a Holocene RSL database of ~3000 validated sea-level index points from 
Greenland, North American Atlantic coast, Caribbean, South American Atlantic coast and 
Antarctica. The databases were constructed from previously published results that were collated in a 
formalized and consistent methodology to facilitate the development and comparison of regional 
RSL records. The RSL records are mostly derived from sea-level indicators from intertidal 
environments. The database also includes information relevant to sediment compaction, and 
modelling of both modern-day and paleotidal ranges. We assess rates of RSL change by fitting the 
RSL records with noisy-input Gaussian process models. 
 
Holocene RSL records from near-field regions (e.g., Antarctica, Greenland and Canada) reveal a 
complex pattern of RSL fall from a maximum marine limit due to the net effect of eustatic sea-level 
rise and glacio-isostatic uplift with rates of RSL fall as great as 69 m/ka. Intermediate field regions 
(e.g., U.S. mid-Atlantic coast, St. Croix) display variable rates of RSL rise from the cumulative 
effect of eustatic and isostatic factors. Fast rates of RSL rise (up to 10 m/ka) are found in the early 
Holocene in regions near the center of forebulge collapse. Far-field RSL records (South America) 
exhibit a mid-Holocene highstand, the timing and magnitude of which varies between 8 and 4 ka 
and <1 and 6 m, respectively.  By comparing these records across a pole to pole database that spans 
a range of ‘fingerprints’ from land-based ice sheets, we have the potential to isolate ice sheet 
contributions to Holocene RSL changes.  
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There has been exponential-like expansion of climate sensitive satellite systems since the 
remarkable observations by NASA’s satellite systems during the period 1964 to 1978.  The 
remarkable success of such missions, including the Nimbus series and Landsat 1 (1972) encouraged 
scientific developments such as radar mapping of the Earth’s static ocean geoid, and dynamic 
topography, complemented by satellites capable of mapping the long-wavelength features of the 
external geoid and its time dependence.  The first time-variable gravity satellites were launched in 
1976 (LAGEOS-1 and Starlette) and these continue to provide crucial information extracted from 
the Satellite Laser Ranging (SLR) time series for interpreting both the sea-level rise record and 
supporting the GRACE inferences of ice sheet and hydrological mass changes. The space 
observations of ice sheet changes using InSAR-determined ice velocity and altimetry provide 
information critical to establishing the amplitude of the continental water mass sources for 20th 
century sea-level rise by 1992-1998.   
 
An inevitable link between paleo-climate, paleo-sea-level with satellite gravity and altimetry is 
established by the late 2000’s [1,2].  Here I discuss this inevitability, and some of its contentious 
peculiarities.  A formal statement of the problem and its seriousness for the space agencies emerges 
in full force in 2012 when ice sheet mass balance models are inter-compared.  Three methods, each 
employing space data, produce largely discordant results: space gravimetry, altimetry and input 
minus output models (IOM), yielding results differing by as much as a millimeter per year in global 
mean sea-level change rate equivalency.  Here I discuss the role of glacial reconstruction of 
Antarctica and the important role that terrestrial dating, ice cores and stratigraphy have played in 
bringing some reconciliation to the fairly discrepant space-based results. The past several years of 
revision(s) of Antarctic ice evolution during the late-Quaternary and Holocene may be an essential 
ingredient in reconciling different satellite inferences of ice sheet mass balance. 
 
Ref. 
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data: impact on mass balance estimates in Antarctica and Greenland. Geophys. J. Int., 172:18–30. 
doi:10.1111/j.1365-246X.2007.03630.x. 
[2]  Gunter, B., T. Urban, R. Riva, M. Helsen, R. Harpold, S. Poole, P. Nagel, B. Schutz, and B. 
Tapley (2009), A comparison of coincident GRACE and ICESat data over Antarctica, J. Geodesy, 
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Understanding the evolving configuration of the Antarctic ice sheet in the geological past provides 
important insights into the millennial-scale responses of ice sheets, and corresponding sea level, to a 
changing climate. The degree to which Antarctic ice sheets expanded and contracted under past 
climates remains uncertain, especially prior to the Last Glacial Maximum. Here we report new ice 
surface constraints from an East Antarctic outlet glacier, linking evidence of orbitally-paced 
oscillations of the ice margin to the ice sheet interior over the period from the Pliocene to the 
present day. 
 
Our multiple-isotope (10Be and 26Al) data indicate that currently ice-free areas adjacent to the 
glacier underwent substantial periods of ice cover and exposure in the past. Using a burial-exposure 
model to determine the probable ice surface history implied by our data, we show that: 1) the 
glacier surface has likely fluctuated since at least the Pliocene; 2) the ice surface was >200 m higher 
than today during glacial periods, and the glacier has been thicker than present for ~80–90% of each 
glacial-interglacial cycle; 3) surface fluctuations were more likely obliquity-paced rather than 
eccentricity-paced during the Early-Mid Pleistocene; and 4) ice cover at higher elevations occurred 
for a relatively shorter time per Pliocene cycle than Pleistocene cycle.  
 
Notably, our work demonstrates that dynamic glacial-interglacial oscillations of the marine-based 
ice margin propagated upstream to the edge of the East Antarctic plateau during both Pliocene and 
Pleistocene climates. This suggests that the Antarctic ice sheet had a significant influence on global 
sea level over this time; while Antarctica was likely a large source of sea-level rise during warm 
periods, ice sheet expansion during cold periods of the Pliocene and Pleistocene would have also 
contributed substantially to sea-level fall. 
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Today, some outlet glaciers of the Greenland ice sheet (GrIS) are rapidly retreating and may 
mobilize large volumes of interior ice in the coming centuries. The last period that saw such 
dramatic, sustained retreat of the GrIS was the last deglaciation, when the ice sheet retreated from 
its Last Glacial Maximum (LGM) extent. Here we build on previous studies by isolating the drivers 
of ice-sheet retreat, and their spatial and temporal dynamics, during this period.  
 
We use a three-dimensional hybrid SSA/SIA ice-sheet model (Pollard et al. 2015) at 10km 
resolution over Greenland to simulate the last deglaciation. Boundary conditions for the last glacial 
maximum produce an LGM ice sheet with >4 meters sea level equivalent (m s.l.e.) of additional ice. 
The LGM ice sheet advances to the shelf-break in west, south, and east Greenland with an 
expansive ice shelf extending across Davis Strait. We compare modeled deglaciation dates with a 
database of over 600 10Be exposure ages (Sinclair et al., in press). Initial simulations indicate that 
the model deglaciates too early in north and west Greenland, shows good agreement in south 
Greenland, and does not deglaciate at all in east Greenland. Here we vary the applied deglacial 
atmospheric and oceanic forcing scenarios independently to test the sensitivity of different regions 
of the ice sheet to deglacial climate change and reduce data-model misfit. Additionally, we show 
that ice-core derived thinning histories are inconsistent with our current simulations. We test 
whether changes in basal sliding coefficients through the Holocene or the addition of a dynamically 
connected Innutian ice sheet can account for this discrepancy.  
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In the North Atlantic Ocean two physical mechanisms produce a distinctive, latitudinal pattern of 
relative sea-level (RSL) rise along the North American coastline.  The fingerprint of Greenland Ice 
Sheet melt causes RSL rise to be greater at sites far from the ice sheet (e.g. Florida) than at proximal 
sites (e.g. Newfoundland).  Weakening (strengthening) of Atlantic Meridional Overturning 
Circulation (AMOC) relaxes (enhances) the dynamic sea-level gradient in the North Atlantic and 
causes a RSL rise (fall) at locations north of Cape Hatteras, North Carolina.  These two processes 
will cause spatial variability in future RSL rise and likely contributed to past RSL trends. 
 
RSL reconstructions generated from dated sequences of salt-marsh sediment along this latitudinal 
gradient offer a suite of strategically-positioned records that can be examined to identify and 
quantify the contributions from these processes during the past ~2000 years.  The hinge line that 
separates regions experiencing GIA-driven RSL rise/fall during the late Holocene bisects 
Newfoundland and it is consequently one of the most northerly regions to preserve a detailed salt-
marsh record of RSL change.  Newfoundland is therefore a critical area for developing RSL 
reconstructions to investigate the components of late Holocene sea-level change including melting 
of the Greenland Ice Sheet and/or changing AMOC strength. 
 
We reconstructed RSL change at two sites (Big River and Placentia) in Newfoundland using 
foraminifera and testate amoebae preserved in cores of salt-marsh peat that were dated using 
radiocarbon and recognition of pollution events and trends of known age.  The reconstructions were 
derived using a Bayesian Transfer Function that was calibrated with a new, regional-scale training 
set of modern (surface) samples.  The new reconstructions span the past ~2000 years and have 
sufficient resolution to identify small (< 20 cm) and short-lived (decadal) RSL trends. 
 
The new reconstruction from Newfoundland is evaluated alongside similar RSL records from the 
North American coast (FL, NC, MD, DE, NJ, NY, CT, NS) and complementary 
paleoenvironmental reconstructions to identify persistent, regional patterns of sea-level change that 
are interpreted as evidence for changes in Greenland Ice Sheet mass and AMOC strength. 
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We present and analyze a compilation of Holocene relative sea-level (RSL) data from the western 
Atlantic, which extends geographically from 26°N (Florida, USA) to 55°S (Tierra del Fuego, 
Argentina) and 97°W (Texas, USA) to 35°W (Recife, Brazil). Mangrove and salt marsh peat, 
Acropora palmata, and beach rock indicators comprise the majority of sea-level index points in the 
compilation for the last 12 ka. The database is divided into sub-regions to investigate the influence 
of tectonics and glacial isostatic adjustment on RSL. Where possible, we account for the local scale 
processes of sediment compaction and tidal range change using the stratigraphic position 
(overburden thickness) of index points and paleotidal modeling, respectively. We apply a spatio-
temporal empirical hierarchical model to estimate the rate of RSL change and timing and amplitude 
of the mid-Holocene highstand. We find that rates of RSL change were highest during the early 
Holocene due primarily to meltwater input. Following complete deglaciation of the Laurentide Ice 
Sheet by ~7 ka, mid to late Holocene rates were < 2.4 ± 0.4 m/ka. Spatially, RSL did not exceed the 
present height during the Holocene in the Gulf of Mexico or Caribbean; a highstand was initiated by 
6.6 ka ~6,500 km away from the former Laurentide ice center in Suriname and Guyana, with a 
maximum level of 1.1 ± 1.0 m between 5.4 to 5.3 ka (86% probability of sea level higher than 
present). At this distance from the former Laurentide Ice Sheet, the effects from ocean syphoning 
and hydro-isostasy outweigh the influence of subsidence from forebulge collapse. 
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Quantifying the contribution from ice sheets and glaciers to past sea level change is of great value 
for understanding sea level projections into the 21st century. Previous estimates of the 20th century 
mass balance of the Greenland Ice Sheet (GrIS) have been derived using a number of different 
modeling approaches, e.g. surface mass balance (SMB) calculations combined with estimates of ice 
discharge found by correlating SMB anomalies and calving rates. Recently, a novel geometric 
approach was published, which presented the first Greenland-wide observation based estimate mass 
balance since the Little Ice Age. The results suggest that during the 20th century the Greenland ice 
sheet on average lost a minimum of 75 Gt/yr, and moreover showed that the mass loss was highly 
spatial- and temporal variable. 
 
Here, contemporary ice sheet changes are discussed in a decadal - centennial - millennial context. 
Thus highlighting the importance of including historical sources and paleo records when 
interpreting mass balance estimates and the dynamic induced changes of the Greenland ice sheet. 
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Sea-level reconstructions during the last glacial cycle are of interest, mainly because of their 
importance for investigating paleo-environmental processes and for validating glacial-isostatic 
adjustment (GIA) models. We present the visualization framework, SLIVISU (Unger et al., 2012), 
which was developed at GFZ Potsdam and which allows to flank the statistical evaluation of model 
fits by techniques of visual analytics. The framework consists of a relational database system, where 
public available data sets of sea-level indicators – like those compiled in and during the PALSEA 
working group – have to be provided, and a visualization front end, which allows to investigate 
interactively the data content and the sensitivity of model fits to different data subgroups or model 
parameterizations. 
 
The focus will be on the representation of data inside SLIVISU motivated also by the discussion in 
Düsterhus et al. (2016), and the application of the tool to aspects arising when relating model and 
observational data. Currently, SLIVISU is applied inside the framework of the German paleo-
climate modeling initiative PalMod (https://www.palmod.de/en), addressing the last-glacial 
termination phase as a globally manifesting process. 
 
References: 
 
Düsterhus, A, Rovere, A, Carlson, AE, Horton, BP, Klemann, V, Tarasov, L, Barlow, NLM, 
Bradwell, T, Clark, J, Dutton, A, Gehrels, WR, Hibbert, FD, Hijma, MP, Khan, N, Kopp, RE, 
Sivan, D & Törnqvist, TE (2016). Palaeo-sea-level and palaeo-ice-sheet databases: problems, 
strategies, and perspectives, Climate of the Past, 12, 911–921, doi:10.5194/cp-12-911-2016 
 
Unger, A, Schulte, S, Klemann, V & Dransch, D (2012). Visual analytics concept for the validation 
of geoscientific simulation models, IEEE Trans. Vis. Comp. Graph., 18, 2216–2225, 
doi:10.1109/TVCG.2012.190 
 
  
	 38 
REGIONAL COMMON ERA SEA-LEVEL VARIABILITY IN THE NORTH ATLANTIC: A 
MODEL/DATA STUDY 
 
Kopp, RE1, Kemp, AC2, Horton, BP1, Little, CM3 
 
(1) Rutgers University, (2) Tufts University, (3) Atmospheric and Environmental Research (AER) 
  
Hierarchical statistical models allow the reconstruction of the spatio-temporal field of sea-level 
change from sparse, noisy proxy and instrumental data. By reconstructing full fields, include 
covariance structures, they allow robust statistical differentiation between basinal and sub-basin 
sea-level signals. 
 
We develop a spatio-temporal hierarchical statistical model based upon an expanded database of 
North Atlantic relative sea-level (RSL) reconstructions since 4 ka. We observe strong differences in 
the timing and magnitude of RSL change between sites around Cape Hatteras and those to its north. 
The along-coast differences in RSL may relate to large-scale changes in Atlantic Ocean circulation 
and the North Atlantic Oscillation and/or more regional factors. We explore these possibilities using 
global climate model output and propose new targeted simulations. We also identify asynchronous 
regional accelerations in sea-level rise along the U.S. east coast in the late nineteenth century-to-
early twentieth century that may relate to regional anthropogenic activity, such as sediment 
compaction associated with groundwater withdrawal. 
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The Mississippi Delta and surrounding Gulf Coast region is home to a dense population and 
contains large centers of economic activity, making coastal flooding a cause for concern. The 
relative sea-level (RSL) rise in the area is determined by both land subsidence and sea-surface 
height change, both of which are strongly influenced by glacial isostatic adjustment and sediment 
isostatic adjustment. We apply a surface loading model to the region that considers both of these 
processes. Our numerical model solves the sea-level equation given an ice history, sediment erosion 
and deposition history, and a set of rheological parameters to describe the Earth's deformational 
response (Dalca et al, Geophys. J. Int. (2013) 194, 45–60). Such a model has recently been applied 
to the Indus River Basin and Arabian Sea (Ferrier et al, Earth Planet. Sci. Lett. (2015) 416, 12–20).  
This is the first study to apply the model to the Gulf Coast region using a realistic sediment 
redistribution history. 
 
We compare model output for cases with and without the sediment contribution to quantify the 
amplitude and variation of this signal in space and time. Our results indicate this signal can be tens 
of metres during the Holocene. We solve the sea-level equation for a wide range of Earth rheology 
parameters to determine if incorporating the effects of the sediment loading history impacts 
inferences of rheological parameters and local RSL projections for the region. We also quantify the 
largest uncertainties in the modelled RSL response, which are dominated by uncertainties in the 
histories of sediment loading and compaction in certain areas.   
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Inferences of past ice sheet evolution that lack any uncertainty assessment (implicit or explicit), 
have no value. A developing technique for explicit uncertainty quantification of glacial systems is 
Bayesian calibration of models against large observational data-sets1. The foundation for a Bayesian 
calibration of a 3D glacial systems model (GSM) for Antarctica has recently been completed2,3,4.  
Bayesian calibration thoroughly samples model uncertainties against fits to observational data to 
generate a probability distribution for the Antarctic Ice Sheet deglaciation with explicit and well-
defined confidence intervals. To have validity as a complete inference of past ice sheet evolution, 
Bayesian calibration requires a model that "brackets reality". 
 
Past work has shown the GSM to have likely inadequate range of grounding line migration in 
certain sectors as well as persistent ice thickness biases in topographically complex regions4. To 
advance towards full calibration, these deficiencies are being addressed through a number of model 
developments. The grounding line scheme has been revised5, the horizontal resolution is increased 
to 20  km, and boundary conditions are updated. The basal drag representation now includes the 
sub-grid treatment of the thermo-mechanical impacts of high basal roughness. Parametric 
uncertainties in basal drag for regions that are presently marine have been re-evaluated. The impact 
of past changes in ocean temperature on sub ice shelf melt is explicitly incorporated in the current 
ocean forcing parametric scheme. Uncertainties in earth rheology are also probed to robustly 
quantify uncertainties affiliated with glacial isostatic adjustment. 
 
The ensemble analysis of the Antarctic glacial system provides dynamical bounds on past and 
present Antarctica glacial isostatic adjustment and sea level contributions. This research will 
improve our understanding of the present-day thermo-mechanical state of the AIS and its 
contemporary mass balance through the re-interpretation of geodetic data6.  
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Marine-terminating outlet glaciers of the Greenland Ice Sheet (GrIS) are responding sensitively to 
climate change by accelerating, thinning and retreating. Understanding how they will respond to 
future climate change is important for quantifying the GrIS’s contribution to global sea-level rise. 
To improve our understanding of the future, long-term response of these marine-terminating outlet 
glaciers to climate change, we focus on determining how they responded to Holocene climate 
change. 
 
The timing and rates of Holocene fluctuations of the GrIS’s southern margin are relatively 
unconstrained due to the inaccessibility of the region. Here, we present new 10Be surface exposure 
ages from several fjords that drain marine-terminating glaciers in southern and southeastern 
Greenland, marking the timing of deglaciation from the outer coast inland to the present-day GrIS 
margin. We show that in southeastern Greenland the marine-terminating outlet glaciers retreated 
from the outer coast between 10.4 and 9.4 ka and retreated up-fjord at a rate of ~70-100 m yr-1, 
responding rapidly to early Holocene warming. These rates are comparable, or higher than, modern 
retreat rates of 30-100 m yr-1. We suggest that potential forcings such as warm ocean waters, warm 
air temperatures, fjord geometry/bathymetry and ice dynamics likely caused the margins of marine-
terminating glaciers to respond sensitively to Holocene climate changes. 
Further, 10Be ages of boulders on bedrock just distal to the historical drift in Timmiarmiut Fjord 
show evidence of a readvance at 1.6 ka during Neoglacial time. Additional 10Be ages of deglaciation 
from Prins Christensen Fjord and other fjords in southern Greenland are forthcoming. 
 
These new 10Be ages provide a longer-term perspective of marine-terminating outlet glacier 
fluctuations in southern and southeastern Greenland and can be used to model the ice sheet’s 
contribution to early Holocene sea-level rise as a proxy for future sea-level rise. 
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The future existence of the polar ice sheets is currently being compromised by anthropogenic 
climate change. A world with little or no grounded ice in Greenland and Antarctica is likely very 
different from the present: the global sea level will be considerably higher and freshwater discharge 
from the ice sheets may affect the strength and orientation of ocean currents that are vital for, e.g., 
marine ecosystems, land hydrology, and cyclone development in the atmospheric stormtracks. The 
Last Interglacial period (LIG, 129 – 116; 1 ka=1,000 years ago) was the most recent time in Earth's 
history that experienced Arctic summer temperatures comparable to those projected for the next few 
centuries (note that the Arctic warming was the result of high boreal summer insolation as opposed 
to the present CO2 dominated climate change); the Arctic Ocean may have been seasonally ice free 
and the Greenland Ice Sheet was smaller and contributed to a global sea-level rise by as much as 2 
to 4.5 meters; Antarctica likely contributed by a similar sea-level rise.  
 
Greenland ice sheet (GrIS) simulations for the LIG assessed in the IPCC AR5 used offline models 
with a variety of climate forcing setups, not then allowing feedbacks among the Earth system 
components. In addition, most of these simulations used the PDD (Positive Degree Day) method in 
the forcing of their GrIS model.  Yet, previous modeling of the LIG GrIS with a regional 
atmospheric model found that the temperature-melt relationship is dependent on changes in 
insolation. Here, we explore the sensitivity of the climate and GrIS of the Last Interglacial warm 
period using the latest version of the NCAR Community Earth System Model (CESM), dynamically 
coupled to the Community Ice Sheet Model (CISM2). A transient multi-centennial simulation is 
carried out with the fully coupled model to study the climate conditions in and around Greenland 
and potential implications for the large-scale circulation in the atmosphere and ocean. A special 
focus is placed on the GrIS surface mass balance and potential feedbacks with the rest of the climate 
system.  
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The Marine Isotopic Stage (MIS) 5e is a major topic of recent sea-level studies, as it is 
representative of a period with smaller polar ice sheets and higher sea levels coupled with slightly 
higher temperatures than today. Several sea level indicators representing MIS 5e relative sea level, 
were reported on the coastlines of the Northern Atlantic and the Western Mediterranean. Elevation 
of the sea level indicators, interpretations on the paleo sea level (trough modern analog and 
indicative meaning) and age attributions have a large span in accuracy and detail. In addition, the 
effect of Glacial Isostatic Adjustment (GIA) on these shorelines has been seldom considered. 
 
We present here a quality-controlled sea level database containing data from the Northern Atlantic 
and the Western Mediterranean. For each site, we collected elevation of relative sea level markers 
with topographic-grade instruments (e.g. DGPS) and we provide a description of the indicative 
meaning of MIS 5e sea level indicators. Coupling our research with considerations on modern 
processes, we calculated values for the modern analog, which represents the vertical occurrence of a 
sea-level marker in the modern environment. Together with the measured elevations, this will lead 
to elevations of the paleo relative sea-level and associated uncertainties.  
 
We compared our results with the ANICE-SELEN ice-earth coupled GIA model and conclude that 
our dataset, which crosses a gradient in the forebulges of the Fennoscandian and Laurentide ice 
sheets, can be used as a ground truth to GIA models and inferences on post-depositional 
displacements of MIS 5e shorelines in the Atlantic-Mediterranean Region. 
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Well-constrained data on the timing and magnitude of mid- to late-Holocene relative sea-level 
(RSL) fluctuations are required to further improve our understanding of modern and also future 
RSL changes on local and regional scales. However, high-precision datasets from central Indonesia, 
an area that is usually considered as being particularly sensitive to future sea-level rise, are rare in 
the literature. In this contribution, the results from a detailed microatoll-survey along the northern 
coastline of Central Java, Indonesia, are presented. The study site is characterized by the presence 
of numerous fossil microatolls, many of which indicating changes in former RSL positions due to 
their variable elevations above present-day mean sea level. We provide radiometrically calibrated 
ages and precise elevation information for the individual fossil microatolls and discuss the 
implications of these new findings with respect to tectonics, eustasy and isostasy. 
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Ice volumes during the glaciation phase of the most recent ice-age cycle remain uncertain to a large 
degree. The lack of a precise ice history reflects the uncertainty associated with mapping oxygen 
isotope variations to global ice volume and the relative paucity of direct geological constraints, 
especially during times when sea level was well below modern day values. We refine global ice 
volumes during Marine Isotope Stage 3 using a sea-level analysis of sediment cores at the Yellow 
River Delta in the Bohai and Yellow Sea, China that record a migration of the paleoshoreline at 
~48-41 ka through a transition from marine to brackish conditions. To this end, we construct a 
sediment-transfer model for the region and update our sea-level theory to consistently treat sediment 
compaction. Using this sea-level model, we correct paleo sea-level indicators for the contaminating 
effects of glacio-isostatic adjustment and sediment loading. We conclude that excess (relative to 
present day) ice volumes may have increased rapidly, tripling during the 15 kyr period leading into 
the Last Glacial Maximum. 
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Phreatic overgrowths on speleothems (POS) are brackish water carbonate encrustations that grow 
on preexisting vadose stalactites and stalagmites and on the bedrock cave walls exactly at the water 
level in coastal caves of Mallorca.  Because of the close proximity of the caves to the Mediterranean 
Sea (a few meters to 100s of meters), the cave water level and sea level are at the same elevation, 
making the POSs remarkably accurate past sea level indicators.  POSs are generally well-preserved 
in the caves and are accurately dateable using the uranium-series method. 
 
Uranium-series dating of Holocene and marine isotope stage (MIS)-5 POSs provide evidence that 
Mallorca is an exceptionally stable sea level site.  Holocene POS ages demonstrate that modern sea 
level has remained stable for >2800 years.  Ongoing research is extending this period of Holocene 
sea level stability and is converging on the global sea level reconstruction.  MIS-5 POS ages also 
exhibit a story of both stable and unstable sea levels through MIS-5a, b, c, d, and e.  Of particular 
interest are MIS-5e dates from POS samples from 11 caves showing that the MIS-5e sea level was 
stable within ± 1 meter during the entire 11,000-year highstand. 
 
The proof of concept for stability during MIS-5e is that POSs will grow at one level for as long as 
sea level remains at that level.  Not only do multiple samples from multiple caves yield ages that 
spread across MIS-5e, but four of those samples yield chronologies that span 3000 to 5000 years 
each, and include overlap between these sample growth periods.  The uranium-series age dataset 
indicates that growth of these POSs extended the entire ~11,000 years across MIS-5e at one to three 
meters above present sea level (mapsl).  In turn, these four samples place constraints on glacial 
isostasy adjustment (GIA) corrections, and seemingly show that GIA was less than 0.1 meters/1000 
years for the entire MIS-5e highstand at Mallorca. 
 
Mallorca is likely a suitable place for studying high sea level stands over long time spans.  POSs in 
these caves range from 25 meters below to 40 meters above present sea level.  Some of these POSs 
at high elevations consist of aragonite, and are beyond uranium-series dating limits (which is a 
testament to the degree of preservation of these samples).  In addition to our Holocene and MIS-5 
results, a U-Pb analysis of a 25 mapsl POS that yielded an age of 3.8 ± 0.2 Ma establishes the 
potential importance of Mallorca as a significant global sea level site beyond the Pleistocene. 
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Sea-level fingerprints associated with rapid melting of the West Antarctic Ice Sheet (WAIS) have 
generally been computed under the assumption of a purely elastic response of the solid Earth. We 
investigate the impact of viscous effects on these fingerprints by computing gravitationally self-
consistent sea-level changes that adopt a 3-D viscoelastic Earth model in the Antarctic region 
consistent with available geological and geophysical constraints. The model is characterized by a 
thin (~50 km) elastic lithosphere and sub-lithospheric viscosities that span three orders of 
magnitude, reaching values as low as ~4 × 1018 Pa s beneath WAIS.  
 
Our calculations indicate that sea-level predictions in the near field of WAIS will depart 
significantly from elastic fingerprints in as little as a few decades. For example, when viscous 
effects are included, the peak sea-level fall predicted in the vicinity of WAIS during a melt event 
will increase by ~25% and ~50%, relative to the elastic case, for events of duration 25 years and 
100 years, respectively. Our results have implications for studies of sea-level change due to both 
ongoing mass flux from WAIS over the next century and future, large scale collapse of WAIS on 
century-to-millennial time scales. In particular, efforts to establish accurate projections must 
incorporate this complexity in Earth structure when modeling the sea-level fingerprint of WAIS 
melting.  
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A recent paper by James Hansen and colleagues (1) proposes that a global warming of 2°C, relative 
to preindustrial, could lead to rapid Antarctic and Greenland ice sheet melt, sea level rise, and 
superstorms in the North Atlantic.  These catastrophic changes in the Earth’s climate system are 
predicted to unfold rapidly, within a century, driven by the destabilization of the West Antarctic Ice 
Sheet that initiates a slow-down of the Atlantic meridional overturning circulation and cooling of 
the North Atlantic.  The steeper meridional temperature gradients that result are predicted to cause 
intensely powerful storms in the North Atlantic, stronger than any inferred in the Holocene or 
observed in historical times.  Hansen et al. draw on previously published paleoclimate and geologic 
data, primarily from the Bahamas, to argue that a similar chain of events unfolded at the end of the 
Eemian period (the last interglacial period, from ~126-115 kyrs ago).  Using field data collected 
over the last year, we examine the hypothesis that sea level rose dramatically at the end of the 
Eemian and that associated superstorms left their imprint on the geological record of the Bahamas 
and Bermuda.  The observational evidence for Eemian superstorms from these islands has been 
debated for nearly twenty years and a number of alternative hypotheses exist to explain the massive 
erratic boulders, v-shaped (chevron) ridges, and high elevation shore-parallel deposits that Hansen 
et al. (2016) ascribe to superstorms.  We have mapped and are dating these geomorphologic features 
and will discuss their mode of emplacement, including whether they are marine or aeolian in nature.  
We also correct field elevation data using models of glacial isostatic adjustment (GIA) recognizing 
that significant uncertainties in the ages of these deposits exist.  Finally, we reference precise GPS 
measurements of all features to a global elevation framework referenced to a known datum, which 
approximates current mean sea level. 
 
(1) Hansen J, Sato M, Hearty P, et al (2016) Ice melt, sea level rise and superstorms: evidence from 
paleoclimate data, climate modeling, and modern observations that 2◦ C global warming could be 
dangerous. Atmos Chem Phys 16, 3761–3812. 
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An international and interdisciplinary expedition to Nares Strait and Petermann Fjord, Northwest 
Greenland, onboard the Swedish Icebreaker Oden July-September 2015 (OD1507) sought to 
understand the Holocene history of the Petermann glacial system among other research objectives.  
Petermann Glacier, which terminates as a floating ice-shelf in Petermann Fjord, is thought to be 
especially sensitive to ice-ocean interactions.  While limited historical observations dating back to 
1876 suggest the Petermann Ice Shelf typically extends about 70-90 km from the grounding-line, 
large calving events in 2010 and 2012 reduced the ice-shelf extent to about 45 km from the 
grounding-line.  Materials and data collected during OD1507 for cosmogenic exposure dating, 
relative sea level investigation, and sea floor mapping will be used along with marine sediment 
cores to put these recent changes in perspective and assess the Holocene activity of the Petermann 
glacial system and its sensitivity to oceanic forcing.  
 
Here we present the initial lithologic characterization and stratigraphic correlation of marine 
sediment cores collected from Petermann Fjord using a suite of non-destructive measurements 
(gamma-ray attenuation, magnetic susceptibility, CT scans, and XRF scans).  These cores capture a 
range of glacio-marine depositional environments and include cores recovered from beneath the 
present ice shelf (15-25 km from the grounding-line), beneath the pre-2010 historical ice shelf (45-
60 km from the grounding-line), and proximal to the edge of the pre-2010 historical ice shelf (65-80 
km from the grounding-line).  Changes in magnetic mineral concentration, sediment geochemistry, 
ice rafted debris concentration, and sedimentary facies correlate across cores taken from 
bathymetric highs (930-1050 m), indicating that we recovered a coherent record of changes in the 
Petermann glacial system.  Future geochronological work, including radiocarbon dating and 
paleomagnetic correlations to nearby varve-dated lake records, will allow us to assess the timing 
and rates of these changes. 
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Current predictions of sea-level change around the UK up to the year 2100 include a land-level 
component that is calculated by a GIA model which, in turn, is calibrated by past relative sea-level 
observations.  For some areas, such as most of Wales, GIA models are potentially unreliable as 
regional patterns of Holocene relative sea-level change are poorly constrained.  The aim of this 
work it to establish new Holocene relative sea-level reconstructions from peat preserved in coastal 
freshwater back-barrier marshes at Abermawr in south Wales (Pembrokeshire) and Rhoscolyn in 
north Wales (Anglesey). These two sites are situated along an isostatic gradient as a result of 
Holocene subsidence of Pembrokeshire relative to Anglesey. 
 
This work builds on the methods by Gehrels and Anderson (2014) who first demonstrated the 
suitability of peat deposits in coastal freshwater back-barrier marshes for sea-level reconstructions.  
Methods to establish the stratigraphy of these sites include hand-drilled coring, ground-penetrating 
radar, electrical resistivity tomography and seismic surveys.  Sea-level index points are collected 
from basal Holocene peat and are immune to sediment compaction.  Groundwater monitoring is 
used to show that the back-barrier water table is controlled by tide levels. Groundwater modelling 
tests the controls of stratigraphy, peat permeability and marsh recharge on the link between 
groundwater and sea level.  Peatland testate amoebae are used to reconstruct water tables in the 
back barrier marsh. The age of sea-level index points is determined by radiocarbon dating.  Our new 
Holocene relative sea-level reconstructions for Wales will be used to test and improve GIA models 
for the UK.   
 
Reference: 
Gehrels, W. R., Anderson, W.P., Jr. (2014). Reconstructing Holocene sea-level change from coastal 
freshwater peat: A combined empirical and model-based approach. Marine Geology 353: 140-152. 
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Since the mid-Pleistocene transition, deglaciation has occurred only after ice sheets have grown 
large while experiencing several precession and obliquity cycles, indicating that large ice sheets are 
more sensitive to Milankovitch forcing than small ice sheets. Though many studies have focused on 
the dual role of the height-mass balance feedback and lithospheric depression in producing this 
sensitivity, there is less understanding of the potential role of dynamic ice sheet flow. Observations 
and model simulations suggest that the development of ice streams in the Laurentide Ice Sheet 
played an as-yet unknown role in deglaciations. In this study, we propose a mechanism by which 
ice streams may enhance deglaciation and render large ice sheets more sensitive to Milankovitch 
forcing.  
 
We use an idealized configuration of the Parallel Ice Sheet Model that permits the formation of ice 
streams. When the ice sheet is large and ice streams are sufficiently developed, an upwards shift in 
equilibrium line altitude (ELA), commensurate with Milankovitch forcing, results in rapid 
deglaciation, while the same shift applied to an ice sheet without fully formed ice streams results in 
continued ice sheet growth. Rapid deglaciation in ice sheets with significant streaming behavior is 
caused by ice stream acceleration and the attendant enhancement of calving and surface melting at 
low elevations. Ice stream acceleration is ultimately the result of steepening of the ice surface and 
increased driving stresses in ice stream onset zones, which come about due to the dependence of 
surface mass balance on elevation.  
 
We demonstrate that these ice sheet simulations reconcile geomorphological observations of ice 
streaming and climate modeling which indicates an important role for dynamic mass loss during the 
early phase of deglaciation. We also discuss the interdependence of surface mass balance and ice 
flow in the context of modeling rapid deglacial sea level rise. 
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In a recent paper, Hansen et al. [1] gave new strength to the hypothesis originally proposed by 
Hearty et al. [2, 3] that the close of the Last Interglacial was characterized by large swells in the 
North Atlantic, ‘superstorms’, which have no counterpart in the Holocene tropical to subtropical 
Atlantic. If true, this hypothesis has important implications for risk assessment along Atlantic 
coastlines in scenarios of future rising sea levels and temperature. The geological evidence for such 
‘superstorms’ can be found on Bermuda and the islands of Eleuthera and Exuma in the Bahamas.  
Hearty et al. [2, 3] have interpreted three distinct landforms on these islands as wave generated 
deposits, citing them as evidence for ‘superstorm’ activity.  They refer to the features as wave runup 
deposits, giant boulders and chevron ridges.  
 
Although alternative interpretations have been proposed for some of these deposits (including a 
strictly aeolian origin), we adopt Hearty et al.’s [2,3] interpretation of these geological features and 
ask the question: Is it possible to explain these deposits with wave forcing observed in historical 
times? In order to answer this question, we collected high-precision field measurements of the 
topography surrounding the most representative deposits described by Hansen et al [1], as well as 
the offshore bathymetry. We used our data as boundary conditions for a hydrodynamic modelling 
chain forced by data from one of the major swells that occurred in the NW Atlantic in the last 30 
years: the “Perfect Storm,” a nor'easter that absorbed Hurricane Grace in October 1991 and caused 
large waves to hit Bermuda and the Bahamas. We ran our wave and hydrodynamic models under 
different sea level scenarios pertinent to the Last Interglacial, also in light of Glacial Isostatic 
Adjustment model results.  We use the model results to test hypotheses proposed to explain these 
landforms, including the “Superstorm hypothesis”.  
 
1.  Hansen J, Sato M, Hearty P, et al (2015) Ice melt, sea level rise and superstorms: evidence from 
paleoclimate data, climate modeling, and modern observations that 2◦ C global warming is 
highly dangerous. Atmos Chem Phys Discuss 15:20059–20179 
2.  Hearty PJ, Neumann AC, Kaufman DS (1998) Chevron ridges and runup deposits in the 
Bahamas from storms late in oxygen-isotope substage 5e. Quat Res 50:309–322 
3.  Hearty PJ (1997) Boulder deposits from large waves during the last interglaciation on North 
Eleuthera Island, Bahamas. Quat Res 48:326–338  
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Last interglacial eustatic sea level estimates are best derived from tectonically stable, far-field 
locations, distant from ice margins, where glacial isotostatic adjustment corrections will be at a 
minimum.  Cape Range National Park in northwestern Australia is therefore an ideal place to 
reconstruct sea level during MIS 5e. The region is a slowly uplifting anticlinal structure, with four 
distinct marine terraces and fossil coral reefs which, when dated, can be used to provide constraints 
on the rate of deformation.  We mapped over thirty shore-normal transects along the western coast 
of Cape Range using high-precision differential GPS. In addition, LiDAR imagery was used to 
survey the terrace elevations and constrain palaeo sea level elevations along 90 kilometres of 
coastline.   
 
The Tantabiddi terrace is the lowest (and youngest) fossil terrace, consisting of a fossil fringing 
coral reef platform that sits ~1-3 m above the modern sea level, with semi-isolated coral heads and 
sub-tidal marine facies up to +6 m.  New U-series dates from well-preserved in-situ fossil coral 
heads from the higher sections will be presented alongside extensively dated lower reef corals in 
this region. The Jurabi terrace lies just above the Tantabiddi, reaching 9 to 21m in elevation and 
extending nearly the entire length of the Cape Range — it is thus an important shoreline for 
constraining timing and rate of relative uplift in the region.  Fossil coral heads in growth position 
were sampled from the Jurabi and dated using strontium isotope stratigraphy to middle/early 
Pleistocene in age.  Further minimum age constraints were calculated through cosmogenic exposure 
dating of two paleo dunes overlaying the Jurabi reef, suggesting emplacement no later then the 
middle Pleistocene (even when assuming zero erosion – an unrealistic expectation for a carbonate 
dominated dune system showing extensive erosional features), corroborating well with the Sr 
isotope stratigraphy results. This dataset provides a better understanding of deformation in this 
region, sets limits on the amount of possible relative uplift of Eemian deposits, and offers a means 
for improving past sea level reconstructions in northwestern Australia. 
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The intrinsic connection between temperature and sea-level variability throughout the Common Era 
(CE) has revealed modern rates of sea-level change are the fastest observed in nearly ~3000 years. 
CE records of relative sea-level (RSL) along the mid U.S. Atlantic coast have shown spatial and 
temporal variability that may reflect differences in the static-equilibrium effects of land ice changes 
and/or to ocean dynamic effects. Here we present two new RSL records from salt-marsh sites in the 
Delaware Bay and Chesapeake Bay. The records provide ~250 new sea level index points that are 
vertically constrained by local modern training sets to provide estimates of paleo marsh elevation 
when calibrated with fossil assemblages. Temporal uncertainties are provided by a Bayesian age-
depth framework incorporating AMS radiocarbon dating, short-lived radionuclides, regional 
pollution histories and pollen chronohorizons. Using newly developed statistical techniques, we 
apply a Bayesian hierarchical model to delimit rates of relative sea-level rise (RSLR) throughout the 
late Holocene and show strong similarities with instrumental records during the modern era 
(>3mm/yr in the 20th and 21st century). 
 
In Delaware Bay we show ~2.8m RSLR since 300 CE. The rate of RSLR fluctuates during the CE, 
showing a decrease from 300 CE to 1150 CE before increasing to ~2.0 mm/yr at 1600 CE. A slight 
decrease at 1775 CE (~1.8 mm/yr) is followed by an increase in RSLR towards the present where 
rates of RSLR (~3.4 mm/yr) mirror direct observations.  
 
The RSL history for Chesapeake Bay provides the oldest, continuous record of late Holocene sea-
level change for the U.S. Atlantic coast showing ~6 m RSLR rise since 2ka BCE. A RSLR rate of 
~2 mm/yr is observed between 2ka BCE to 1.4ka BCE before decreasing to ~0.6 mm/yr at 700 
BCE. An increase in the rate of RSLR to ~2.2 mm/yr at 100 CE is followed by a prolonged decrease 
to 1400 CE (~1.3 mm/yr) before increasing towards the present where rates of RSLR are 
synchronous with tide gauge measurements at ~3 mm/yr.  
 
The record builds upon previous research to show rates of RSLR in the modern era are the fastest 
observed in the past ~4000 years. These new reconstructions provide further insight to the response 
of sea-level to known climate phases such as the Medieval Climate Anomaly and the Little Ice Age 
and aid our understanding of driving mechanisms responsible for sea-level variability along the mid 
U.S. Atlantic coast.  
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The behaviour of marine-based ice sheets is one of the largest uncertainties in projecting global sea-
level rise under future atmospheric and oceanic warming. Marine ice-sheet margins are at the 
confluence of glacial, geologic, marine, and atmospheric processes; however, the influence of these 
processes on ice retreat dynamics is poorly understood. Localized processes occurring at the 
interface between the ice base and the substrate on which it rests are key to determining ice flow 
behaviour and the stability of ice-sheet margins. In the absence of methods to systematically study 
the active beds of modern ice sheets, the exposed beds of palaeo-ice sheets in formerly glaciated 
areas are an accessible means of studying past ice flow and ice-sheet margin behaviour.   
 
The ice sheets that expanded onto continental shelves in the Arctic and Antarctica left a record of 
their retreat dynamics in the form of glacial landforms preserved on the seafloor. Larger-scale 
glacial landforms and processes controlling marine ice-sheet behaviour are well studied (e.g. 
kilometre-scale grounding zone wedges and reverse bed slopes), but smaller, metre-scale landforms 
and processes have yet to be widely examined. We combine high-resolution multibeam bathymetric 
datasets from both Antarctic and Arctic continental shelves to characterize glacial landforms and 
identify common controls on grounding-line retreat in a variety of ice-sheet settings. This is part of 
a recently-funded INQUA project, Retreat dynamics of marine-based ice sheets (READY), granted 
to the authors. Ongoing work using these datasets from diverse glaciological, topographic, 
geological and geographic settings, will be used to determine the degree to which small-scale 
processes exert fundamental controls on large-scale ice sheet behaviour. The development of an 
overall classification of marine-based ice sheet retreat in different ice-sheet settings could function 
as a tool for predicting the response of contemporary ice sheets to future change.   
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Sea levels rise and fall with the melting and growth of ice sheets.  Original CLIMAP estimates of 
the volume of ice lost since the last glacial maximum, ~20,000 years ago, varied from 127 to 163 m 
of sea-level equivalent.  Proxy measurements of sea-level change derived from far-field coastlines 
suggested a total sea-level rise since the melting of those ice sheets of 120 m.  Recently, the 
incorporation of the impacts of glacial-isostatic adjustment, including the impacts of a 
heterogeneous Earth structure, and more field observations from continental margins places that 
number closer to 130 m.  However, as estimates of the volume of sea-level change since the last 
glacial maximum have improved, so have reconstructions of past ice sheet volumes.  In particular, 
recent community-based estimates have decreased the amount of ice within the Antarctic Ice Sheet, 
a long term “dumping ground” for missing ice.  Continued refinement of northern hemisphere ice 
sheet reconstructions has also decreased some estimates of the volume of ice in these ice sheets as 
well.  Taken together, these continued refinements of both the sea-level record and ice sheet 
reconstructions have generally lead down diverging paths, such that now estimates of ice sheet 
volume- sea-level equivalents are 5-15 m less than estimates of sea-level change derived from far-
field coastlines.  What are the options for this missing water?  We review possible sources of this 
discrepancy.   Despite decades of research, budgets for the sea-level rise following the last glacial 
maximum are still not balanced. 
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Understanding the timescales at which glaciers and ice sheets respond to climate change is 
critical for predicting the cryosphere response to anthropogenic climate change. Svalbard is one of 
the most heavily glaciated regions in the Arctic, with the potential to become ice-free by 2100. 
However, it is difficult to determine if present retreat observed in glaciers around the island is 
driven by anthropogenic climate change or natural variability, so it is critical to understand how the 
region has responded to past climate change to project future change.  
 
Here, we will present preliminary 10Be cosmogenic surface exposure ages from two moraines in 
Kongsfjorden, northwestern Spitsbergen. These ages come from large moraines outboard of, and in 
some cases overridden by, Little Ice Age and historical moraines, and therefore likely represent an 
earlier period of advance during the neoglacial, possibly more extensive than the Little Ice Age 
advance. Similar moraines around Svalbard have been dated using lichenometry, suggesting retreat 
events clustered around 1.5 and 1.0 ka. In addition, a single pre-Little Ice Age moraine near 
Longyearbyen has been dated using cosmogenic surface exposure dating, with an average age of 
1.6±0.2 ka. Maximum late Holocene penetration of Atlantic water at 1.8-1.4 ka, immediately 
preceded by a minima of Atlantic water before this, suggesting a strong warming event in Svalbard 
may have occurred during this time. This result is similar to terrestrial lake records from western 
and central Spitsbergen, which show warming both at ~1.5 ka and through the LIA. Ice retreat at 
this time may be related to this warming, and our new 10Be ages will provide a test of this 
hypothesis by extending the record of ice retreat to Kongsfjorden.  
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We present new early Holocene relative sea level (RSL) data from the Mississippi Delta spanning 
10.3 to 7.7 ka, a time window with few existing high-resolution sea-level reconstructions. This 
record is of particular interest as an analog for current and future sea-level changes because of the 
high temperatures and rapidly retreating ice sheets that characterized the early Holocene. 
 
In deltaic environments, vertically and temporally precise RSL records can be constructed by 
radiocarbon dating basal peats and paleosols collected in sediment cores.  These deposits record the 
rising elevation of intertidal marshes deposited on a relatively stable Pleistocene basement as sea 
level rose following the Last Glacial Maximum.  Our record spans much of the early Holocene and 
offers a novel look at sea level change in a region proximal to the LIS.   
 
The rapid acceleration of RSL rise observed in some regions during the early Holocene has made 
this period an important target for RSL reconstructions, as these differences were likely caused by 
the interplaying effects of ice sheets on regional sea level. This study offers constraints on the 
globally variable signatures of RSL rise during the early Holocene and the underlying effects of ice 
sheets on these differences.  Our data suggest that the rate of RSL rise between 9 and 8 ka is at least 
5 mm/year slower in the Mississippi Delta region than in RSL records from Southeast Asia.  These 
observed differences will inform future efforts to understand the relative contributions of the LIS 
and AIS to sea level rise during the early Holocene through GIA modeling.   
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Coral microatolls are used to study relative sea-level (RSL) change at multidecadal timescales. The 
high resolution allows investigators to constrain RSL changes associated with vertical land 
movements, climate induced sea-level rise and oceanographic phenomena such as the El 
Niño/Southern Oscillation.  Sea-level studies from microatolls rely on the assumption that the 
highest level of survival (HLS) of coral microatolls tracks sea level over the course of a coral’s 
lifetime.  
 
Here we present two case studies from southeast Asia at contrasting timescales. First, we validate 
the HLS assumption using slabbed microatoll records spanning from as early as 1883 through 2013 
from two sites in Indonesia. We compare the HLS time series with instrumental records (1969-
2011) from proximal tide gauges and satellite altimetry. The HLS time series was derived from 
open-ocean and moated (or ponded) microatolls on tectonically stable Belitung Island and a 
potentially tectonically active setting in Mapur Island. The instrumental records are combined with 
the Estimating the Circulation and Climate of the Ocean (ECCO) model. Our results confirm that 
open-ocean microatolls do track low water levels at multi decadal time scales. The open ocean 
microatolls record respectively ~11 cm of sea-level rise from 1968 to 2005 and ~16 cm of sea-level 
rise from 1971 to 2013. However, microatolls that are even partially moated are unsuitable and do 
not track RSL; rather, their growth patterns likely reflect changes in the elevation of the sill of the 
local pond.  
 
Second, we consider two independent high-resolution RSL proxy records from slabbed, fossil 
microatolls on Belitung Island on the Sunda Shelf.  These records capture spatial variations in 
glacial isostatic adjustment (GIA) and paleotidal range, yet both reveal a RSL history between 6800 
and 6500 cal yr BP that includes two 0.6 m oscillations, with rates of RSL change reaching 23 
mm/yr (19–28 mm/yr at 90% likelihood). Observations along the south coast of China, although of 
a lower resolution, reveal oscillations similar in amplitude and timing to the Sunda Shelf.  The 
consistency of the records, from sites 2600 km apart, suggests that the records reflect regional 
changes in sea level, driven by fluctuations in regional hydroclimate.  
 
In summary, microatolls can provide multidecadal resolution of RSL in tropical settings. High 
resolution is possible where microatolls are carefully slabbed, accurately surveyed, processed with 
multiple dates and with careful examination of their upper surfaces.   
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Given the importance of paleo ice sheet reconstructions for interpreting relative sea-level 
observations and correcting contemporary geodetic data (e.g. GPS, GRACE) for glacial isostatic 
adjustment, the need to determine accurate uncertaintybounds on these reconstructions is clear. For 
approaches based on glaciological models, such bounds require a model that adequately probes 
uncertainties in both climate forcing and modelled processes along with a methodology for using 
paleo-observations to constrain this probe. To date, paleo glaciological models of the Greenland ice 
sheet (GrIS) have low confidence in their derived bounds. This is due in good part to limited probes 
of model uncertainties and sole reliance on climate forcings based on glacial indices derived from 
GRIP or GISPII ice core records. 
 
We present initial results from an ongoing Bayesian calibration for the GrIS. The climate forcing is 
distinguished by a calibrated weighting of climate representations, including a fully coupled 
"climate generator" that has no dependence on Greenland ice core records. Calibrated model 
parameters also account for uncertainties in ice calving and submarine melt, basal drag, deep 
geothermal heat flux, and earth viscosity structure.  The calibration is currently against relative sea 
level observations, constraints on ice extent from cosmogenic dates, and borehole temperature 
records from the Greenland ice core sites. The model is run over two glacial cycles and therefore 
bounds on both Holocene and Eemian sea level contributions (including rates of change) will be 
presented. 
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After the review of 918 radiocarbon dated Relative Sea-Level (RSL) data-points we present here the 
first quality- controlled database constraining the Holocene sea-level histories of the western 
Mediterranean Sea (Spain, France, Italy, Slovenia, Croatia, Malta and Tunisia).  
 
We reviewed and standardized the geological RSL data-points using a new multi-proxy 
methodology based on: (1) modern taxa assemblages in Mediterranean lagoons and marshes; (2) 
beachrock characteristics (cement fabric and chemistry, sedimentary structures); and (3) the modern 
distribution of Mediterranean fixed biological indicators. These RSL data-points were coupled with 
the large number of archaeological RSL indicators available for the western Mediterranean. We 
assessed the spatial variability of RSL histories for 22 regions and compared these with the ICE-5G 
(VM2) GIA model.  
 
In the western Mediterranean, RSL rose continuously for the whole Holocene with a sudden 
slowdown at ∼7.5 ka BP and a further deceleration during the last ∼4.0 ka BP, after which time 
observed RSL changes are mainly related to variability in isostatic adjustment. The sole exception is 
southern Tunisia, where data show evidence of a mid-Holocene high-stand compatible with the 
isostatic impacts of the melting history of the remote Antarctic ice sheet. 
 
Our results indicate that late-Holocene sea-level rise was significantly slower than the current one. 
First estimates of GIA contribution indicate that, at least in the northwestern sector, it accounts at 
least for the 25-30% of the ongoing sea-level rise recorded by Mediterranean tidal gauges. Such 
contribution is less constrained at lower latitudes due to the lower quality of the late Holocene index 
points. Future applications of spatio-temporal statistical techniques are required to better quantify 
the gradient of the isostatic contribution and to provide improved context for the assessment of 20th 
century acceleration of Mediterranean sea-level rise. 
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This proof-of-concept study aims to determine the feasibility of the use of relative sea level (RSL) 
records extracted from salt marshes as monitors of the timing and magnitude of outlet glacier retreat 
since the Little Ice Age (LIA). Using a regional elastic rebound algorithm (REARv1.0; Spada et al. 
2012) fed with geomorphologically-constrained ice margin reconstructions, we calculate the spatial 
extent of the RSL fingerprint produced from the break-up and retreat of KNS and JI from their 
respective LIA maxima. In addition, a high-resolution PISM-based ice model simulation spanning 
the past 1000 years is used to disentangle plausible contributions of regional surface mass balance 
and ice dynamics to local sea level signals. Initial results suggest that (1) It cannot be conclusively 
argued that the slowdown in sea level recorded at Pakitsoq at ~1800AD is solely the result of long-
term Jakobshavn Isbrae retreat (2) Sea level trends at Aasiaat, a site 150 km from the present day 
grounding line, are insensitive to plausible changes in Jakobshavn ice thickness since the LIA and 
therefore should not be used as part of wider salt marsh network for differential RSL trend analysis.  
Despite this, we utilise the RSL fingerprints from this study and the spatial characteristics of the 
present day elastic rebound signal to propose a site-selection strategy for additional salt marsh data 
in Greenland that aims to capture specific characteristics of the Late Holocene regional mass 
balance history by reducing the sensitivity of the proposed sites specific components of the ice sheet 
mass balance. 
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Global surface temperatures in the late Pliocene are thought to be 2-3 degrees higher than today, 
and most models predict enhanced warming of the Northern Hemisphere with temperatures 
potentially increasing up to 10 degrees near Greenland. However, few proxy records capture the 
history of the pre-Quaternary Greenland ice sheet. IODP Expedition 303 site U1307 at 2575 m 
depth on the Eirik Ridge extends back to ~3.6 Ma, capturing the late-Pliocene warm period adjacent 
to the southern Greenland ice sheet. Although absolute chronological control in the late Pliocene is 
limited to orbital scales, in this study we use coeval proxies, including Pb-Sr-Nd isotopes, magnetic 
mineralogy, and grain-size distributions of the terrigenous material delivered to the site, as well as 
geochemical and qualitative analysis of local marine biological components including 
foraminiferal δ18O and δ13C, and silicious and carbonate microfossil composition and preservation, 
to evaluate lead-lag relationships in the climate system at millennial scales. 
 
The lithology of the sand fraction at the site in the Late Pliocene is dominated by well-sorted 
granitic material, likely sourced via runoff from the southeast Greenland ice sheet. When interpreted 
on a paleomagnetic reversal age model, this material appears to undergo ~100 ka cyclicity between 
3.6-3.1 Ma, with the exception of an ~80 ka period from 3.44-3.36 Ma. In this window, granitic 
sands, and indeed all evidence of material eroded from Greenland bedrock, as indicated by 
magnetic mineralogy, disappears from site U1307. Poor preservation of calcium carbonate in the 
3.44-3.36 Ma interval is suggestive of benthic hypoxia; relatively invariant silicious microfossil 
presence through the record implicates hypoxia driven by reduced ventilation as opposed to a local 
increase in primary productivity. We hypothesize that this apparent cessation of regional deep-water 
ventilation may reflect a shutdown of the Atlantic Meridional Overturning Circulation (AMOC). 
The appearance of glacial ice-rafted debris (IRD) immediately prior to the episode of benthic 
hypoxia supports the brief existence (<2 ka) of a marine-terminating ice margin in southeast 
Greenland centered at ~3.45 Ma; freshwater input to the surface ocean associated with the rapid 
failure of this larger ice sheet may therefore have triggered changes in regional ocean circulation. 
Complete disappearance of the southern Greenland ice sheet during this period, as opposed to 
retreat to a land-terminating position, is indicated by the disappearance of even the well-sorted 
granitic sands delivered to the marine environment by runoff. Recovery from apparent benthic 
hypoxia begins at ~3.36 Ma, associated with regrowth of the Greenland ice sheet as indicated by 
renewed Greenlandic sand and silt input. This episode of apparent AMOC shutdown, the onset of 
which is coeval with the disappearance of ice on southern Greenland, provides insight on the 
feedbacks that exist between southern Greenlandic ice-sheet behavior and the AMOC.   
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Understanding the past behaviour of the Antarctic Ice Sheet, and the response of the solid Earth to 
those changes, is crucial for determining current rates of ice mass change via the interpretation of 
GRACE data. As empirical estimates of Glacial Isostatic Adjustment (GIA) begin to emerge this 
provides us with an opportunity to compare model predictions of GIA with a data-derived snapshot 
of the dynamic state of the solid Earth and ice sheet. Whilst both approaches are imperfect, and 
uncertainties can be significant, it is clear that there are fundamental differences in the pattern of 
GIA derived from the two techniques. We argue that an important component of those differences 
arises from two fundamental flaws in existing GIA models. 
 
First, the majority of GIA models that are used to account for the GIA signal within GRACE data 
consider a uniform rheology beneath Antarctica. Recent seismological studies demonstrate that this 
assumption does not hold, and more importantly that the neglect of lateral variations in Earth 
structure will significantly bias predictions of the solid Earth response to past ice mass change. This 
observation has implications for the second issue concerning current GIA models: that the Holocene 
history of the Antarctic Ice Sheet is very poorly known. 
 
In this study we explore the sensitivity of the Earth to past surface mass change, and demonstrate 
that the GIA signal across West Antarctica will be dominated by the response to ice sheet change 
during the Holocene. In order to ensure that all relevant dynamic processes are considered as we 
look to make predictions of the response of the Antarctic Ice Sheet to future climate changes, we 
must resolve the current differences between forward-modelled and empirical GIA estimates for 
Antarctica, and untangle the Holocene history of this vast ice sheet. 
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Saltmarshes provide excellent archives of relative sea-level (RSL) changes over a range of different 
timescales.  In Greenland they yield precise RSL data over the past few decades to hundreds of 
years that can help constrain Greenland Ice Sheet mass changes during and after the Little Ice Age.  
They are particularly valuable as they provide a longer term context upon which to evaluate recent 
tide gauge and GPS records which span only the past decade or so.  In Southeast Greenland the 
current rate of crustal uplift recorded by GPS is approximately +7 mm/yr at the open coast and up to 
+18 mm/yr close to the ice sheet margin, which reflects high rates of recent mass loss. 
 
This study investigates a fossil saltmarsh located within 5 km of the ice sheet margin at the head of 
Skjoldungen fjord in Southeast Greenland.  The aim is to establish whether the current GPS-
measured uplift is a short-term signal associated with recent mass loss, or part of a longer-term 
trend.  This is the first time that saltmarshes so close to the ice sheet margin have been utilised to 
create high precision proxy-GPS data for the last hundred years or so. 
 
Microfossil (diatom) evidence from saltmarsh sediments at the Skjoldungen study site record a 
recent change from RSL rise to fall.  We interpret this as evidence for the onset of significant mass 
loss from the Greenland Ice Sheet during the late 20th century.    We use a combination of dating 
methods to establish the timing of this event and compare our record with known and modelled 
changes in Greenland Ice Sheet mass balance in the study area.  This study provides the first direct 
evidence that saltmarsh sediments from near-field sites can be used to reconstruct the timing of 
recent mass loss change from the Greenland Ice Sheet, extending direct GPS observations with 
geological data. 
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The reconstruction of global sea level during Pleistocene is only robustly constrained during 
interglacial highstands and the last deglaciation, the transition from Marine Isotope Stage 2 (MIS 2) 
into the Holocene.  The paleo-sea level reconstructions for glacial lowstands and periods when the 
global sea level was not near the current interglacial (i.e., MIS 3) rely exclusively on pre-
determined relationships between δ18O of the water and global sea level, orbital tuning, and  
relationship with ice-core records.  Specific to MIS 3, this methodology of paleo-sea level 
reconstruction suggests that the global sea level was as low as ~80 mbsl to as high as 50 mbsl.  This 
large variability in paleo-sea level reconstructions for this period has large implications for the 
relationship between solar variability, ice sheet growth and decay, and ocean temperature, all 
variables that are significant in understanding the dynamics of modern climate change.  
 
MIS 3 also encompasses a period in climate history that includes Dansgaard-Oeschger events, 
repetitive rapid warming phenomena in the Northern Hemisphere.  These events have been tied to 
coupling between ice sheet dynamics and climate and shown to follow Heinrich events, rapid 
discharge of ice-rafted debris and cooling. Hence, understanding what was the climate actually like 
during this interesting period in climate history, is crucial.  
  
A compilation of chirp profiles from the Black Sea and the Sea of Marmara suggests that the level 
of water in these basins during MIS 3 was close to their bedrock depth of 80 mbsl for the 
Dardanelles sill and 85 mbsl for the Bosporus sill.  A compilation of δ18O from mollusks and 
ostracodes, fauna assemblage, porewater, and CaCO3 of sediment suggests that both of the basins 
were fresh, with no evidence of entry of marine water, and likely also outflowing to the global 
ocean.  These two sets of observations suggest that the global sea level during MIS 3 was likely 
lower than reconstructed using the traditional methodology of using the relationship between the 
δ18O of water and global sea level.  A global sea level lower by 10 to 20 m, implies that the global 
ocean was warmer during MIS 3 based on the δ18O of the ocean at that time, there was more ice that 
was part of the ice sheets, and/or the composition of the ice was more negative in the δ18O than is 
currently set as the working standard. 
 
This application of reconstructing the paleo-sill depth of those basins interchangeably connected to 
the global ocean offer an innovative way to determine global sea level in the past, challenge 
traditional methods of paleo-sea level reconstruction, and show holes in our current understanding 
of the relationship between ice sheet build up and climate change. 
  
